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Abstract 
Surveillance of diarrhoea and enteric infection among infants is key to improving 
infant health in LMICs. However, the performance of current surveillance methods 
in estimating rates of diarrhoea and enteric infection have been called into 
question by various academics. Diarrhoea rates are often estimated through 
subjective measures such as community surveys. These measures may introduce 
variation into the estimated rates. Rates of enteric infection are often estimated 
using diarrhoea as a proxy marker. However, it is possible that diarrhoea does not 
classify enteric infection well. In this thesis, I examine variation in estimates of 
diarrhoea rates associated with the method used; and the extent of 
misclassification when using diarrhoea as a proxy marker of enteric infection. 
To examine variation in estimates of diarrhoea rates associated with the method 
used, I conducted two studies: 1) a systematic review and meta-analysis of the 
literature; and 2) a randomised controlled trial (RCT) in a Tanzanian urban informal 
settlement. My findings in both confirmed that the methods used in estimating 
diarrhoea rates are associated with variations in estimates. The RCT in Tanzania 
also showed that text message surveys are a suitable substitute for in-person 
surveys. 
To examine the reliability of diarrhoea to classify enteric infection, I conducted a 
‘diagnostic’ study in a Bangladeshi Refugee Camp. The evidence showed that 
diarrhoea misclassified enteric infection, offering no better a classification of 
enteric infection than flipping a coin. I also found evidence of clear seasonality in 
infection.  
I have demonstrated that the methods used in diarrhoea surveillance can influence 
estimated rates, and that diarrhoea widely misclassifies enteric infection when used 
as a proxy marker. For this reason, I hazard against the use of the current methods 
in epidemiological surveys when trying to estimate rates of diarrhoea and classify 
cases of enteric infection. Alternative, less subjective, methods, such as stool 
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1.1.Background 
Diarrhoea is the second highest cause of under-five death after the first month of life 
in low and middle income countries (LMICs)1. In 2017, diarrhoea claimed 424,000 
under-five lives1, 2. Diarrhoea additionally puts children at an increased risk of stunting, 
contributing to the 30% prevalence of stunting among under-fives in LMICs. Diarrhoea 
may also contribute to impaired cognitive development, possibly attributable to the 
200 million children globally with impaired cognitive development3-5. 
Under-fives living in informal settlements with high population densities, such as 
refugee camps and slums, are at an increased risk of diarrhoea compared to their 
counterparts in rural areas and urban formal settlements6. This risk is due to factors 
that increase the transmission of enteric pathogens, including poor water, sanitation, 
and hygiene (WASH) infrastructure, proclivity to natural disasters, and high population 
densities7, 8. As a result of the increased risk of diarrhoea (as well as other contributing 
reasons, such as malnutrition and other infections), under-fives in urban informal 
settlements have a 34% higher chance of dying before their fifth birthday than their 
peers in formal or rural areas, as well as a 14% higher chance of being stunted9, 10. In 
order to lower the risk of diarrhoea, WASH interventions are often deployed to reduce 
enteric infections, the main cause of diarrhoea. WASH interventions range from 
simple, such as the construction of latrines in refugee camps, to large, such as the 
introduction of sewage and piped water systems. A large amount of funding and 
workforce capacity goes into the implementation and evaluation of these systems 
every year. 
Currently, 900 million people live in urban informal settlements globally, with a further 
2.6 million people living in formal refugee camps (many more refugees live in informal 
camps and urban settings)11, 12. The number of people living in urban informal 
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settlements has been steadily increasing, and is expected to double or even triple by 
205013. Additionally, given ongoing conflicts and natural disasters, the number of 
people living in refugee camps is also expected to grow. As such, attention must be 
paid to the abatement of diarrhoea in urban informal settlements and refugee camps, 
particularly through WASH interventions. 
The Importance of Proper Surveillance  
To reduce the burden of under-five diarrhoea, particularly pathogenic diarrhoea 
caused by enteric infection, proper surveillance systems are needed to estimate rates 
of diarrhoea and enteric infection. Data provided by surveillance systems have several 
uses, but the most important are: 1) aiding public health authorities in detecting and 
responding to outbreaks; and 2) evaluating WASH interventions designed to limit the 
spread of enteric infection. 
Outbreak Detection  
Throughout LMICs, outbreaks of pathogenic diarrhoea (diarrhoea caused by enteric 
infections) are at the forefront of public health concerns. Pathogenic diarrhoea 
outbreaks are caused by increased transmission of enteric pathogens. There are 
various factors that contribute to outbreaks, including the emergence of new strains, 
seasonality, or natural disasters. Often, these outbreaks take place in areas with 
already high rates of enteric pathogen transmission that have suffered an event that 
exacerbate the underlying issues. A recent example is the 2010 Haitian Cholera 
Outbreak. Caused by hurricanes and floods, the outbreak claimed 8,183 lives14. 
Numerous other examples also exist for other enteric pathogens, such as Rotavirus, 
Norovirus, and Hepatitis E. In order to properly detect and control these outbreaks, 
routine surveillance of these pathogens is needed. 
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During endemic spread of pathogens (when an outbreak is not taking place), routine 
health surveillance systems feed data on disease levels back to public health 
authorities. The data allow health authorities to track incidence rates of infection. 
When incidence rates reach a pre-defined outbreak threshold, health authorities 
declare that an outbreak has occurred. The threshold rates differ by pathogen type. 
For example, the WHO defines a cholera outbreak as a single case (with evidence of 
community transmission)15. However, for many other enteric pathogens which are 
more endemic than Cholera, incidences at 1.5 times the baseline of the previous three 
weeks are often used as the treshold16. The declaration of an outbreak leads to the 
provision of enhanced interventions, such as water chlorination and health education, 
and often the provision of extra funding. The effectiveness of surveillance systems to 
declare outbreaks relies on the provision of timely, accurate, and useful data. 
A key challenge to controlling an outbreak is determining its source. Proper 
epidemiological data and analysis is the backbone for this. John Snow famously, for 
example, used rudimentary geospatial techniques through mapping cholera outbreak 
data in 1854 London to determine that a single water pump was the source of disease 
spread, allowing for clear actions to abate spread (in this case removing the pump 
handle)17. With these data, policy and program makers can properly take targeted 
steps to stop the outbreak, whether that be (as in the case of Snow) cutting of a 
contaminated water source, or putting in place temporary, enhanced water, 
sanitation, and hygiene systems.  
Evaluation of Interventions 
Around the world, interventions to reduce the burden of pathogenic diarrhoea have 
been deployed by governments, communities, and non-governmental organizations 
(NGOs). The most common of these interventions are WASH interventions. WASH 
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interventions aim to reduce the burden of pathogenic diarrhoea by reducing the 
spread of enteric pathogens. They do this by forming a barrier between enteric 
pathogens in the environment and susceptible people. These range from the simple, 
such as the provision of hand soap and chlorinated water, to the complex, such as the 
construction of large sewage systems. In addition to WASH interventions, health 
interventions, such as Zinc supplementation and vaccination, and nutritional 
interventions, such as the provision of enriched food, are used with the aim of 
reducing the burden of enteric infection and ultimately diarrhoea (both pathogenic 
and non-pathogenic)18.  
Every intervention requires proper data on population-level enteric infection rates to 
properly evaluate it. Evaluations allow for comparison against both the status quo and 
against competing interventions, resulting in data that allows program makers to 
choose the best, most appropriate intervention for the context. However, recent 
reviews of the effectiveness of various WASH interventions have revealed that there is 
little evidence for the efficacy of common WASH interventions18. The lack of evidence 
on effectiveness was also seen in several evaluations, such as randomised control 
trials, prospective trials, and retrospective evaluations. Most of these studies used 
carer-reported diarrhoea as their main endpoint. Further, two of the three recent 
integrated large WASH trials, the WASH Benefits trials from Bangladesh and Kenya, 
and the SHINE trial, have shown null results19. These studies also used carer reported 
diarrhoea as their main endpoint. In their recent review, Wolf et al. (2018) discuss that 
this may not be due to intervention ineffectiveness, but due to issues in the methods 
used to estimate rates of diarrhoea and enteric infection18, 20. No literature exists on 
the extent of these issues. As such, further research is needed on the impact of 
estimation methodology on reported diarrhoea rates, as well as the extent of 
misclassification when using diarrhoea to act as a proxy marker of enteric infection.  
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1.2.The Unknown Impact of Diarrhoea Estimation Methods on Reported 
Diarrhoea Rates 
An Epidemiological Model of Diarrhoea Spread 
To explain the different methods of diarrhoea and enteric infection surveillance, I will 
begin by looking at how different types of diarrhoea and enteric infections spread in 
populations, and how people may be affected by them. I will do this by creating an 
epidemiological model of diarrhoea spread, presented in a modified susceptible, 
infected, recovered (SIR) model (Fig. 1). All people start as ‘Healthy’, without any 
diarrhoea or infection. Once a healthy person becomes ill, they can either have an 
enteric infection (sometimes leading to pathogenic diarrhoea), or non-pathogenic 
diarrhoea, caused by things such as stress, nutritional intolerances, or non-enteric 
infections21, 22. Both enteric infection and non-pathogenic diarrhoea can exist in 
symptomatic states where a person has not sought treatment, or symptomatic states 
where a person has sought treatment. These may eventually lead to death (it is worth 
noting however that there is no literature on mortality due to non-pathogenic 
diarrhoea). Enteric infection exists in related states: asymptomatic infection, which 
may or may not progress to symptomatic infection; recovered with carriage, where a 
person no longer has symptoms but is still infectious; or recovered with immunity, in 
which the previously infected person is no longer infected but has some immunity. A 
person who is healthy and is then vaccinated will also flow into the ‘recovered with 
immunity’ state. 
It is also important to note how WASH interventions fit into this diagram. In a very 
simplistic manner, WASH interventions prevent a healthy person from becoming 
infected. They do this by forming a barrier between infected people and the 
environment (e.g. through faecal sludge management); pathogens in the environment 
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and healthy people (e.g. through safe water); and between infected people and 
healthy people (e.g. hand washing). This is represented by the ‘WASH Barrier’ on the 
diagram.  
There are several methods of estimating diarrhoea rates in populations, each of which 
estimates rates in people with different disease states. Mortality surveillance, for 
example, estimates rates from those who have died from diarrhoea23. Passive 
surveillance estimates rates from hospitalised cases of diarrhoea23. Active surveillance, 
through door to door surveying, estimates rates from those who have diarrhoea in 
communities23. However, none of these methods are able to discriminate between 
pathogenic and non-pathogenic diarrhoea, nor are able to estimate rates from all 
those with an enteric infection regardless of disease state (those shaded green on the 
diagram). As described above, we are most interested in those who have an infection – 
regardless of disease state. Stool sampling for molecular surveillance, the classification 
of infection through the collection of stool samples, is able to make this distinction. In 
addition, other methods such as environmental sampling may be used24. It is possible 
that the use of differing surveying methods which estimate rates from different 
disease states may result in bias (systematic misreporting in a certain direction) and 








 Figure 1 SIR M
odel of Pathogenic and Non-Pathogenic Diarrhoea Spread in an Environm
ent 
        Figure 1 Caption: A m
odified Susceptible, Infected, Recovered (SIR) m
odel of pathogenic and non-pathogenic spread in an 
environm
ent w
ith overlays for surveillance types. All boxes are states a person can lie in other than the orange box w
hich is the 
barrier form
ed by W
ASH interventions. Green states are those w
ith an active enteric infection, w
hich W
ASH interventions can 
im
pact.
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Variability of Estimated Diarrhoea Rates Based on Method Used 
The first concern in the estimation of diarrhoea rates is variation attributable to the 
method used to estimate rates. As mentioned above, the two most common 
methods of population-level diarrhoea estimation are passive and active 
surveillance. Passive surveillance, the estimation of rates from hospital cases for 
diarrhoea, is found commonly in routine surveillance for endemic diseases. Notable 
examples include the World Health Organization’s Early Warning and Response 
System (EWARS) and Public Health England’s Notifiable Disease and Causative 
Organisms Reporting System (NDCORS). During humanitarian emergencies, EWARS 
collects data from health facilities for visits of communicable diseases, such as 
diarrhoea or chickenpox25. In the UK, NDCORS collects similar data from public 
health laboratories, in addition to health facilities26. Active surveillance, door to 
door questioning of diarrhoea, is found commonly during evaluations of WASH 
interventions23.  
Possible Variations Associated with Passive Surveillance 
As not all people with diarrhoea visit health care facilities, passive surveillance may 
be associated with lower estimated population-level diarrhoea rates than active 
surveillance. There are two main reasons why a child with diarrhoea may not visit a 
health care facility: 1) children generally do not visit health facilities unless their 
diarrhoea is severe, only 2% of cases27, 28; and 2) some populations may face issues 
accessing healthcare due to physical distance, legal barriers, fear, or affordability.  
Marginalized groups, such as refugees and those living in informal settlements, 
particularly face these barriers29-31. Further, even when accessing healthcare, carers 
may take their children to healthcare providers that do not report to the area’s 
passive surveillance system – such as traditional healers and unregistered 
providers. 
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Even when children with diarrhoea visit the appropriate health facility, health care 
providers may incorrectly diagnose the disease, or may diagnose the disease with 
differing case definitions32. While documented for other diseases, this has not been 
empirically demonstrated for diarrhoea. Further, health facilities may fail to report 
cases – particularly on weekends and during holidays. 
Possible Variations Associated with Active Surveillance 
Active surveillance systems can differ in quantitative means, such as the recall 
period of questioning and the frequency of questioning, as well as qualitative 
means, such as influence by enumerators or by respondents experiencing 
interventions. Given the subjectivity of active surveillance methods, these can all 
introduce variations in reported diarrhoea rates.   
Previous work has indicated that the length of recall over which carers are asked to 
remember diarrhoea may impact reported diarrhoea rates. This variation 
attributable to recall length is due to recall bias, when carers forget events which 
have happened in the past. Evidence indicates that shorter recall periods yield 
higher, and likely more accurate, reported diarrhoea rates than longer periods. In 
rural Kenya, Feikin et al. (2010) saw that estimated diarrhoea prevalence dropped 
from 18% with two days of recall to five percent with eleven days of recall. 
Evidence also indicated that recall bias is more impactful for moderate diarrhoea 
than severe diarrhoea33. Zafar et al. (2010) found that severe diarrhoea was twice 
as likely to be reported as moderate diarrhoea during periods of long recall (one 
week compared to two days)34.  
In addition to carers forgetting if their child had diarrhoea, carers may also be 
swayed by how often, and the manner in which, surveyors question them on 
diarrhoea. Bias and error introduced by the frequency of surveying is known as 
respondent fatigue. While not examined yet empirically, it has been hypothesized 
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that repeated surveying at short frequencies can cause a decrease in reliability due 
to carers becoming tired of asking questions35. Reactivity, when participants answer 
questions differently due to knowing that they are being observed, is of additional 
concern. Reactivity has not, however, been empirically examined for diarrhoea 
estimation36. Further, parents may not even be able to properly identify what is and 
is not diarrhoea37.  
Misclassification when using Diarrhoea as a Proxy Marker of Diarrhoea  
As discussed previously, the two main uses of diarrhoea surveillance, outbreak 
detection and WASH intervention evaluation, aim to estimate rates of enteric 
infection. The unwritten assumption is that diarrhoea is a proxy marker of enteric 
infection. There is reason to believe that diarrhoea may misclassify infection when 
used as a proxy marker, due to asymptomatic infection and non-pathogenic 
diarrhoea. While some may argue that diarrhoea is the main clinical outcome of 
interest, and that one should not be concerned about misclassification, I disagree. 
Asymptomatic infection is important as it measures the general population risk of 
infection, which is both important to outbreak surveillance and can be impacted by 
WASH trials. Those with asymptomatic infections may also pass pathogens on to 
another person who may experience significant morbidity and mortality. Non-
pathogenic diarrhoea is also not of interest in this situation as it will not result in 
outbreaks, and cannot be controlled by WASH interventions. It is important to note, 
however, that I say this only for epidemiological surveys and not for a clinical 
setting. 
Okitsu et al. (2020) recently estimated that in Matlab, a rural area of Bangladesh, 
80% of children who did not report any diarrhoea had an enteric infection38. George 
et al. (2018) found similar results, reporting that 76% of children with enteric 
infections in another area of rural Bangladesh reported no diarrhoea39. With this 
large rate of asymptomatic cases it is likely that asymptomatic spread precedes any 
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spike in the number of symptomatic cases. As such, estimation using only 
symptomatic cases precludes early detection of outbreaks and the deployment of 
resources to the most at need areas, as well as possibly offering false assurances of 
WASH intervention effectiveness. Diarrhoea can also be non-pathogenic – caused 
by maladies such as non-enteric infections (such as HIV, which sometimes causes 
HIV enteropathy), poor nutrition, and stress21, 40. However, the rates of non-
pathogenic diarrhoea have not been examined. Further, these issues of 
asymptomatic infection and non-pathogenic diarrhoea have not been examined 
together to determine the extent and consequences of misclassification when using 
diarrhoea as a proxy marker of infection. 
1.3.Unexamined Alternative Methods for Diarrhoea and Enteric 
Infection Surveillance 
I have above described some of the issues in estimating diarrhoea rates using active 
and passive surveillance, and in using diarrhoea as a proxy marker of enteric 
infection. Below I discuss possible methods to improve these. 
Methods to decrease variability when estimating diarrhoea rates 
SMS Surveys to Reduce Cost and Reactivity 
In-person active surveillance of diarrhoea is highly cost and resource intensive, and 
can possibly introduce reactivity into estimates. With 90% of people living in LMICs 
having access to mobile phones, a possible solution to this is questioning using text 
messaging41, 42. During an evaluation of Family Planning programs in Malawi, 
Pattnaik et al. (2020) found that mobile phone interviews obtained similar results 
to in-person surveys, while drastically cutting down on cost43. Additionally, during 
the 2014-2015 Liberian Ebola Outbreak, Kuehne et al. (2016) found that SMS 
surveying of random phone numbers to obtain information on Ebola morbidity, 
mortality, and care seeking obtained a response rate of 15%44. Similarly, L’Engle et 
al. (2017) obtained a 31% response rate in an SMS survey on health and 
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demographics in Ghana45. However, L’Engle et al. additionally found that younger, 
urban, more educated, and male respondents were more likely to reply to the 
survey, which may introduce further variation in estimated rates through selection 
bias45.  
Pictorial Surveys and Visual Stool Analysis to Reduce Perception Bias 
Perception bias, bias resulting from the inability of carers to correctly identify if a 
stool is diarrhoea or not, can possibly be remedied through the use of pictorial 
surveys – showing carers pictures of stool and asking them to identify which stools 
their child has had, rather than verbally asking a carer if their child has had 
diarrhoea46. Past evaluations of pictorial surveys have used stool scales designed 
for adults (such as the Bristol stool scale) and have been hospital based47. As an 
alternative to the Bristol stool scale, the Amsterdam stool scale has been successful 
in clinical settings for stool classification among infants – but has not been tested 
for community based diarrhoea surveys. If successful in reducing perception bias, 
they offer a useful tool for community based diarrhoea surveillance.  
Another possible method to reduce the impact of perception bias in diarrhoea 
surveillance is to eliminate carer reporting all together. This can be done through 
the collection of a stool sample from the infant which is then inspected by a trained 
researcher or health care provider. Voskujil et al. (2017) used this method 
successfully in hospital based surveillance, but it has not been examined in the 
community37. This method, however, does have various drawbacks – including 
needing to revisit households to collect stool, resources required to collect stool, 
inability to measure diarrhoea which may have occurred in the past (thus 
estimating a point prevalence and not longitudinal prevalence), and training of 
staff.  
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Alternative Methods for Classifying Enteric Infection 
The most common method of detecting pathogens in stool is through polymerase 
chain reaction (PCR), a laboratory method which can detect pathogenic DNA in 
stool and identify the type of pathogen. This method is also capable of determining 
the amount of pathogen in stool, through this is of higher cost and more resource-
intensive. PCR stool testing has previously been used to determine prevalent causes 
of disease in clinical settings, and more recently to estimate the rates of 
asymptomatic carriage in populations, but is still seldom used in epidemiological 
surveys estimate infection rates throughout communities38, 48. If there is indeed a 
disconnect between reported diarrhoea and infection, stool testing may provide a 
way of reducing this issue. Further, stool testing, compared to disease surveillance, 
allows for discrimination by pathogen type. As different pathogens may be sensitive 
to different control measures, this can aid greatly in public health program and 
policy. PCR, however, is an expensive technique, and requires complex lab 
equipment with highly trained staff – creating large barriers to testing in 
emergencies, rural settings, and low income settings. As such, alternatives are 
needed to facilitate widespread rollout. 
Protein Testing  
Protein biomarkers may be a low-cost but more accurate proxy for infection (when 
compared to carer-reported diarrhoea). There are several possible proteins that 
can fit this use, but calprotectin has been shown to be the most useful, particularly 
as a proxy for bacterial infection. Shastri et al. (2008) found that having elevated 
calprotectin levels classified bacterial infection with an 83% sensitivity and 37% 
specificity in adults49. Chen et al. (2012) similarly found that those with bacterial 
infections had elevated calprotectin levels when compared to those with viral 
infections, and also found a positive association between calprotectin levels and 
the severity of disease (as measured by the Vesikari score)50. Chen et al. (2011) 
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obtained similar results for lactoferrin, another protein associated with bacterial 
infection. Neither, however, was a sensitive marker for viral diarrhoea51. 
1.4.Thesis Justification and Structure  
This thesis aims to explore some of the issues discussed above, with the aim of 
evaluating the variability of current diarrhoea surveillance methods in estimating 
diarrhoea rates, and the extent of misclassification when using diarrhoea as a proxy 
marker of enteric infection.  
I begin by looking into issues in the variability of current diarrhoea surveillance 
methods in estimating diarrhoea rates. As discussed above, past research has 
hypothesized that passive surveillance methods may result in lower estimated 
diarrhoea rates than the actual rates, and factors specific to active surveillance may 
cause bias and error in estimated rates. Chapter Two “The Impact of Diarrhoea 
Estimation Methods for Under-Fives in LMICs on Reported Epidemiology: A 
Systematic Review and Meta-Analysis of Methodological and Primary Empirical 
Studies” evaluates this by systematically reviewing all studies between 2000 and 
2018 that estimate diarrhoea rates among under-fives in LMICs, and meta-analysing 
their results. This chapter aims to determine the frequency of different diarrhoea 
estimation methods, and the impact that each methodology has on estimated 
diarrhoea rates. The study also looks for evidence of reactivity.  
In Chapter Three, I then investigate SMS messaging as a method for reducing the 
variability introduced by active surveillance methods. This chapter presents a 
factorial randomized control trial from Mwanza, Tanzania, which evaluates the use 
of SMS messaging for diarrhoea rate estimation in urban informal settlements. The 
chapter also presents evidence on the impact of recall period, questioning 
frequency, question load, and incentivization on survey response rates and 
reported diarrhoea rates. 
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The second half of the thesis addresses the aforementioned issues in using 
diarrhoea as a proxy marker of enteric infection. Chapter Four “A Comparison of 
Traditional Diarrhoea Measurement Methods with Microbiological and Biochemical 
Indicators in the Cox’s Bazar Displaced Persons Camp: A Cross-Sectional 
Observational Study” is a cross-sectional study from the Cox’s Bazar refugee camp. 
In this chapter I evaluate the extent of misclassification when using carer-reported 
diarrhoea as a proxy marker of enteric infection. The chapter also compares the 
standard method of carer reported diarrhoea against several alternatives: pictorial 
questioning, use of proxies, visual stool examination, and presence of protein 
markers of infection. 
I conclude by showcasing the utility of the direct measurement of enteric infection, 
rather than diarrhoea, in epidemiological studies and surveillance activities. 
Chapter Five “Prevalence, Determinants, and Spatial Variance of Enteric Infection 
by 27 Endemic Pathogens in the Cox’s Bazar Forcibly Displaced Myanmar Nationals 
Camp: A Cross-Sectional Observational Study” presents the epidemiology and risk 
factors of enteric infection in the Cox’s Bazar Forcible Displaced Myanmar Nationals 
Camp. 
Chapter Six will discuss the implications of the four studies included in this thesis, 
specifically looking at how estimation methods may impact reported disease rates, 
the association between disease and infection, and the various uses of disease and 
infection epidemiology. 
1.5.An Overview of the Study Settings 
Cox’s Bazar Forcibly Displaced Myanmar Nationals (FDMN) Camps  
The Cox’s Bazar FDMN camps are a collection of 29 individual FDMN camps in the 
Cox’s Bazar region of Bangladesh. Cox’s Bazar is a coastal region on the Bay of 
Bengal, and borders Burma to the east, separated by the narrow Naf river. As of 
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March 2019, the camps were officially home to 909,000 FDMNs (Fig. 2)52. However, 
the actual number is likely to be much higher given a lack of formal registration of 
the FDMNs. The camp area is very dense, with almost no separation between 
homes (Fig. 3). Below I present the Political, Economic, Social, Technological, and 
Environmental factors affecting this group. 
• Political: The FDMNs living in Cox’s Bazar, primarily members of the 
Rohingya ethnic minority group in Burma’s Rakhine state, sought refuge 
from a violent genocide in Burma which has been raging in waves since the 
1962 Military Coup52. Since this time, millions of Rohingya have crossed the 
Naf River into Bangladesh. The most recent influx between 2016 and 2017 
saw close to one million people flee to Cox’s Bazar52. While some of the 
FDMNs use Cox’s Bazar only as an intermediate point before making onward 
journeys to countries such as Malaysia and Thailand, the majority remain in 
Cox’s Bazar. The Bangladeshi government permits the FDMNs to stay within 
the boundaries of Cox’s Bazar, but does not recognize the FDMNs as 
refugees, circumventing the protections afforded under the 1951 
convention and the 1967 protocol on refugees. The FDMNs are generally 
not able to leave the camp area.  
• Economic: Close to 80% of those living in the FDMN camps report no 
household income, with 35.1% living in debt53. While the FDMNs receive in 
kind supplies of food, cleaning and cooking supplies, and other necessities, 
income is needed to supplement these to buy items such as spices, meat, 
clothes, or shelter items. Of the FDMNs who do work, they are restricted to 
working in the camp. A majority of those working seek work with local NGOs 
on construction projects, with the more affluent FDMNs owning small shops 
in the camp. Women are also occasionally economically active, often 
working in tailoring. 
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• Social: The FDMNs living in Cox’s Bazar are Muslims from Burma. Being 
Muslim, to some degree, facilitates acceptance by the Bangladeshi host 
community. There is, however, still a large degree of animosity between the 
FDMNs and local host community, often resulting in violence. Gender based 
violence is also a concern in the camps, and is perpetuated by the FDMNs 
themselves, the host community, and aid workers. The FDMNs in general 
have a low level of education53. Children in the FDMN camps are able to 
attend schools provided by the NGOs, but are not allowed to learn Bangla. 
FDMN communities and families are strong patriarchal in nature, with 
communities led by a chosen male official, often a religious or political 
leader from Burma, known as a Maji.  
• Technological: Technology is scarce in the FDMN camps in Cox’s Bazar, 
owing to a lack of infrastructure (including electricity), legal barriers, and 
poverty. Many houses use solar electricity to power lighting and fans, but 
beyond that generators must be used for larger appliances – a prohibitive 
cost to most. Most FDMN households have access to a mobile phone, 
despite mobile phones being banned in the FDMN camp. 
• Environmental: The refugee camps in Cox’s Bazar are located in and around 
a forest region, near the Naf River and Bay of Bengal. This area has very 
steep topography, leading to widespread landslides and flooding. Further, 
due to rivers in and around the camps, drowning is an issue, particularly for 
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Mwanza, Tanzania  
Mwanza, Tanzania is a large city on the banks of Lake Victoria. The city is home to 
2.8 million people, of which 18% are under the age of five. My research in Mwanza 
focused on three informal settlements: Kilimanhae, Igogo, and Unguja (Fig. 4). 
• Political: Tanzania is a democratic nation with the ruling party (Chama Cha 
Mapinduzi) being center-left. This results in relatively liberal policies, and 
wide-spread government services and welfare. These policies have been 
cited as a contributing factor to the recent investments in sanitation 
infrastructure in Tanzania’s urban centers, particularly Dar es Salaam, 
Arusha, and Mwanza54. At a local level, each of the informal settlements I 
worked in had their own local leader, who was appointed by the ruling party 
in Tanzania in Mwanza. There is generally no opposition to these 
appointments, as the local leaders are, for the most part, respected elders in 
their communities. 
• Economic: Tanzania’s GDP per capita was 3,222USD (adjusted for purchasing 
power parity, PPP) in 2018, with Mwanza having a slightly higher GDP per 
capita of 3,289USD (PPP)55. In 2017, Tanzania’s GINI index was 0.40, lower 
than the global average of 0.63, indicating that wealth is near evenly 
distributed in Tanzania56. However, Tanzania has a high poverty rate – 
26.4% in 201856. That being said, great strides have been made in 
addressing the poverty rate, with consistent year on year decreases in the 
country’s poverty rate56.  
• Social: While no city-specific figures could be found, urban areas in Tanzania 
(such as Mwanza) have religiously mixed populations, with a majority being 
Christian and a minority being Muslim57. This does sometimes result in 
conflict between groups57. Mwanza itself, similarly to Tanzania as a whole, 
has a young population – with 46.7% of the population under the age of 
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1458. When examining markers of gender equity, 37% of married women 
were married before the age of 18, and 29% of females aged 15-19 have had 
a child58. While a majority of women do work in Mwanza, only 34% of 
working women reported having control over how their income was used58. 
Women in Mwanza report a lower rate of female circumcision than the 
general Tanzanian population (1% vs 15%), but higher rates of physical 
violence (44% vs 39%) and sexual violence (25% vs 17%)58. In general, 100% 
of Tanzanian children enrol in and complete primary school, but less than 
half progress to secondary school58. 
• Technological: Tanzania is a technologically advancing country in which 75% 
of the population owns a mobile phone, a number likely higher in urban 
areas and among younger populations42. Further, even those who do not 
personally own mobile phones have access to one through the 
community59. Fifty-five percent of Mwanza’s slum-dwelling population 
report using electricity at home for lighting60. 
• Environmental: Mwanza is a coastal city on the banks of Lake Victoria, a 
fresh water lake and the city’s primary water source. Mwazna has clear 
seasonality, rainy periods between October and December and March and 
May. Mwanza has a generally flat topography, with much of its land being 
suitable for agricultural activities61.  
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  Figure 4 Study Sites in Mwanza 
Figure 4: Locations of urban informal settlements selected as my study 




   
 







2. Estimating Variability Introduced by Current Diarrhoea 
Surveillance Methods: The Impact of Diarrhoea 
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Diarrhoea is the second highest cause of under-five death globally. Estimation of 
under-five diarrhoea rates is necessary to evaluate interventions. However, 
differences in findings across studies might reflect differences in the methods used 
rather than true diarrhoea rates.  
Methods 
I systematically reviewed all studies published between 2000 and 2018 that 
estimated under-five diarrhoea rates in low and middle income countries and 
extracted data on diarrhoea rates, surveillance methods, and reactivity. I 
summarised data from studies that performed direct comparisons of methods, and 
indirectly compared studies which utilised only one method using meta-regression 
to determine the association between methods and estimated diarrhoea rates.  
Findings 
Two-hundred-and-seventy-seven studies met my inclusion criteria: four direct 
comparisons and 273 studies utilising only one estimation method. Meta-regression 
across all studies showed that diarrhoea rates were sensitive to method used. I 
estimated that passive surveillance methods were associated with a 96% lower 
estimated rate than active surveillance (IRR=0·04,95%CI[0·02,0·09]). Among active 
surveillance studies, a doubling of recall period was associated with a 47% lower 
rate (IRR=0·53[0·46,0·60]), while a decreased questioning frequency was associated 
with a higher estimated rate: at the extreme, one time questioning yielded a nearly 
4X higher rate than daily questioning (IRR=3·84[2·48,5·96]).  
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Interpretation 
Estimated diarrhoea rates are sensitive to their estimation methods. There is a 
need for a standardisation of diarrhoea estimation methods, and for the use of 
other outcomes in the estimation of population level gastrointestinal health.  
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2.2.Introduction  
As I have discussed in Chapter One, effective surveillance of diarrhoea in children 
under-five is required to track outbreaks, allocate public health resources, and 
evaluate WASH interventions1. However, the choice of method used estimate 
diarrhoea rates has been hypothesized to introduce undue variation in rates18, 20. If 
true, the results of observational and interventional studies may differ by method, 
thereby obscuring the effects of the explanatory variable(s) of interest. Since 
diarrhoea is one of the biggest causes of death in children, this is a methodological 
point of considerable practical importance. The two most common methods of 
diarrhoea surveillance used to estimate rates, passive and active surveillance, take 
different approaches. Passive surveillance relies on data collected from health 
facilities and therefore excludes all children with diarrhoea who do not attend a 
facility. Passive surveillance estimates are therefore skewed towards more severe 
disease and away from marginalised groups such as slum-dwellers, refugees, and 
migrants, who are less likely to visit health facilities and who are more likely to visit 
informal facilities than non-marginalised groups23, 27, 28 29-31. Passive surveillance is a 
useful, inexpensive tool to detect new outbreaks of severe diseases, such as 
cholera, but is arguably less useful as an epidemiological tool for the estimation of 
population-level diarrhoea rates or in trials of WASH interventions.  
Active surveillance, based on door to door surveys, provides a more complete 
report of diarrhoea rates than passive surveillance, but may also be subject to 
measurement error and bias23. Carers may forget events that happen in the past, 
particularly during longer lengths of recall33, 62. They may also have a poor 
understanding of what diarrhoea is37. UNICEF and the Demographics and Health 
Surveys (DHS) program have recommended a method based on asking carers if 
their child has had three or more loose or watery stools in any 24-hour period 
within the previous 14 days63. However, this method is by no means universally 
applied. In addition to concerns over error and bias in estimates, concern has been 
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expressed that diarrhoea rates may be ‘reactive,’ in the sense that net of any true 
clinical difference, people report different diarrhoea rates for psychological reasons 
– either because they perceive themselves to be beneficiaries of an intervention, or 
because the surveyors provided subliminal clues36, 64. As such, reactivity creates a 
particular concern for evaluations of WASH interventions.  
In order to examine the association between the method used in diarrhoea 
surveillance and estimated diarrhoea rates I conducted a systematic review of all 
studies published between 2000 and 2018 that report under-five diarrhoea rates in 
LMICs. I examined studies that performed direct ‘head to head’ comparisons of 
different methods in order to estimate differences in diarrhoea rates by method. 
However, I found only four such studies. I therefore obtained studies that used only 
one estimation method so that I could compare the estimated diarrhoea rates of 
each method across studies indirectly by means of meta-analytical methods65, 66.  
The aims of the systematic review and meta-analysis were to determine: 1) the 
frequency of use of the different diarrhoea rate estimation methods; 2) the 
association between passive and active surveillance methods and estimated 
diarrhoea rates; 3) the association between a. recall periods, b. questioning 
frequencies, and c. prospective (diary) vs retrospective recall on estimated 
diarrhoea rates among active surveillance studies; and 4) the extent of reactivity in 
diarrhoea rate estimation.  
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2.3.Methods  
The literature retrieval for this study followed PRISMA guidelines, and was 
registered on PROSPERO (CRD42018119062)65, 67. 
Search Strategy 
I conducted a systematic review of studies published between 2000 and 2018 that 
made quantitative estimates of diarrhoea rates among children under the age of 
five in LMICs (as defined by the Organisation for Economic Co-operation and 
Development)68. The search strategy aimed to capture any study that estimated 
diarrhoea rates among under-fives, including both studies that performed direct 
‘head to head’ comparisons of methods, and studies estimating diarrhoea rates 
using only one method that I can compare indirectly. I excluded studies that were 
not designed to estimate population level diarrhoea rates, such as studies which 
measured hospital acquired infection; clinical trials in which diarrhoea was an 
adverse drug event; and case-control studies in which diarrhoea was the case. 
Studies were restricted to English or French (Table 1). 
Table 1 Inclusion and Exclusion Criteria for the Systematic Review 
Inclusion Criteria Exclusion Criteria 
Reports diarrhoea epidemiology among 
under-fives (i.e. incidence or prevalence) 
Nosocomial setting 
Takes place in LMICs Clinical trials in which diarrhoea was an 
adverse drug event 
Published between 2000 and 2018 Case-control studies in which diarrhoea is 
the case 
English or French language  
 
I searched the MEDLINE, Embase, and PubMed databases for studies matching the 
inclusion and exclusion criteria. The search string included key words relating to 
diarrhoea and population-level disease measurement and estimation. The string 
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then restricted the results to human studies and studies in LMICs. The full search 
string can be found in Appendix I. 
SW and RR independently screened each title and abstract, and any disagreements 
were resolved through discussion with RL. Full texts were screened in a similar 
manner. Where full texts were not available, I requested the article from the 
University of Warwick’s Article Reach Service. I excluded unavailable studies and 
duplicate studies. In the event that multiple studies used the same data source, I 
selected a random study for inclusion.  
Data Extraction 
RR extracted the data, with SW duplicating data extraction for random 15% of the 
included studies. There was full agreement between RR and SW. As a single 
reported study may have included several independent estimates of diarrhoea 
rates, I treated each report as separate ‘estimates’ within one study. This would 
apply to all the direct studies but also arose in indirect studies when conducted in 
more than one site, included multiple rounds of data collection and/or was a trial 
with multiple arms. For example, a two-armed trial which estimated diarrhoea rates 
at base-line and end-line yielded four estimates. 
Table 2 reports the data I extracted. Data extracted included participant 
demographics, study design, diarrhoea rates, surveillance methods used to 
estimate rates, and whether or not the study was a direct comparison of methods. I 
defined direct comparison studies as those which included at least two separate 
arms, each with a different method of diarrhoea estimation (including altering 
recall period or questioning frequency) that compare estimated diarrhoea rates 
between each arm.  
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Table 2 Data extracted from each study in the Systematic Review 
Variable Units (if applicable) Categorisation (if categorised) 
Authors NA NA 
Study Title NA NA 
Year of Publication Years NA 
Year of Data Collection Years NA 
Mean Participant Age Years (with Standard 
Error) 
NA 
Participant Sex Breakdown % Female  NA 
Geography Urban, Rural, or Mixed NA 
Country NA Regions as defined by the United 
Nations Development Program 
(UNDP)69 
Intervention (for RCTs) NA WASH, Health, or Nutrition 
Effectiveness of 
Intervention (for RCTs) 
Incidence Risk Ratio NA 
Diarrhoea Rate (in 
incidence) 
Episodes per child-year 
(converted if necessary) 
NA 
Surveillance Method NA Passive, Retrospective Active, 
Prospective (Diary) Active 
Recall Period Days NA 
Questioning Frequency Days Daily, Weekly, Monthly, or 
Annually or longer 
Questioning Type NA Pictorial, Verbal, or other 
Sample Size (observed 
cases for passive 
surveillance studies) 
NA NA 
Study Design NA Observational (Primary), 
Observational (Secondary), RCT 
(broken down by arm) 
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Data Analysis 
I indirectly compared the diarrhoea rates from the included estimates, including 
those from studies that performed direct comparisons of estimation methods, and 
studies using only a single method of estimation. I summarised the key variables in 
each individual estimate, including estimated diarrhoea rates, surveillance method, 
year, and region (as defined by UNDP). I estimated a hierarchical meta-regression 
model for log diarrhoea rate (incidence in episodes per child-year), adjusting for 
region and time (in years) and interactions between time and region. I also adjusted 
for study design, including a categorical variable with levels: 1) Observational 
studies which use primary data sources, 2) Observational studies which use 
secondary data sources, 3) RCT intervention arms before the intervention, or the 
control arm (if reported), and 4) RCT experimental arm after the intervention. The 
model was estimated in StataSE Version 15 using generalised least squares with 
random effects at the study level, to account for within-study correlation, and 
weighting by the study sample size69, 70.  
I estimated two separate meta-regression models. The first iteration included the 
estimates from both passive and active surveillance studies to estimate the effect 
of surveillance types (passive/active) on estimated diarrhoea rates, and as such 
included a dummy variable for surveillance type. I also estimated pooled temporal 
and regional trends from this model.  
The second iteration included only estimates from active surveillance studies to 
examine the effects of variables exclusive to active surveillance studies on 
estimated diarrhoea rates. These included variables for recall period (as a 
continuous numeric term in days), and questioning frequency and recall type (both 
as categorical variables). Further, any other variations found between active 
surveillance studies, including reactivity and questioning type (e.g. verbal or 
pictorial) were included.  
   
 




I identified 1,807 studies in total, which was reduced to 1,740 after duplicates were 
removed. Abstract and title screening yielded 544 studies, with a further 267 
excluded after full-text review. Common reasons for exclusion included not 
presenting data on under-fives (n=64), not including data on diarrhoea rates (n=58), 
and not being able to obtain the full text (n=4). Overall, 277 full text studies were 
included in the final review (Fig. 5) (studies are listed in Appendix II).   
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Figure 5 PRISMA Diagram of the Systematic Review  
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Study Characteristics 
As stated, many studies included more than one estimate of diarrhoea rate, arising 
from estimates at different time points, being a trial with two or more arms, or data 
collection in more than one location. Appendix III presents information on the 
number of estimates per study. I identified 612 separate estimates of population-
level diarrhoea rates, and these constitute my denominator. In total there were 591 
(97%) active surveillance estimates and 21 (3%) passive surveillance estimates. Of 
the 591 active surveillance estimates, 578 (97%) were retrospective while 13 (3%) 
were prospective (a diary kept by the carer). Three-hundred and four (49%) of the 
estimates used a 14-day recall period, as recommended by UNICEF and the 
demographic and health survey (DHS) program. Of the 188 estimates which came 
from randomised control trials (RCTs) 53 (28%) used a 14-day recall period and 95 
(51%) used a 7-day recall period. Further, of the estimates from RCTs, 21 (12%) 
questioned daily, 46 (24%) questioned weekly, and 49 (26%) questioned two-
weekly. 
By region (as defined by the UNDP), Sub-Saharan Africa was the setting for the 
largest number of estimates (197; 32%), followed by South America (170; 28%), 
East and South-East Asia (118; 19%), Central and Southern Asia (112; 18%), and 
finally North Africa and the Middle East (15; 2%). Rural (218; 41%) and mixed 
geography (188; 35%) areas provided more estimates than urban areas (124; 23%).  
None of the included active surveillance estimates used non-verbal methods of 
diarrhoea estimation (e.g. showing carers pictures of stool), and no studies made 
mention of a ‘gold standard’ of diarrhoea estimation.  
Four of the included studies performed direct head-to-head comparisons of 
diarrhoea estimation methods: three examining the effect of differing recall periods 
on diarrhoea rates, and one examining the effect of questioning frequency on 
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estimated diarrhoea rates. No studies were identified that analysed reactivity in 
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Differences between Active and Passive Surveillance 
No studies performed direct ‘head to head’ comparisons of active and passive 
surveillance. After model-based adjustment to perform an indirect comparison of 
passive and active surveillance, passive surveillance was associated with a 96% 
lower estimated diarrhoea rates than active surveillance (Incidence Risk Ratio 
(IRR)=0·04[95%CI:0·02,0·09]) (Table 4). 
The Impacts of Factors Within Active Surveillance Studies on Estimated Diarrhoea 
Rates 
Questioning Frequency 
One study directly examined the effect of differing questioning frequencies on 
estimated diarrhoea rates; Zwane et al. (2011) estimated that biweekly surveys 
estimated a 7-15% lower diarrhoea rate than six-monthly surveys when using the 
same recall period71. 
My indirect comparison of active surveillance estimates produced comparable 
results; after model-based adjustment, I found that that less frequent questioning 
was associated with an increase in estimated diarrhoea rates. For example, one-
time questioning was associated with a rate close to four times higher than daily 
questioning (IRR=3·84[2·48,5·96]) (Table 4). This is not evident graphically in 
unadjusted crude data – however, a large amount of variance as questioning 
frequency increases can still be seen (Fig. 6) 
Recall Period 
Three studies directly examined the effect of differing recall periods on estimated 
diarrhoea rates, although the recall periods examined were different. Melo et al. 
(2007) found that diarrhoea rates were cut by a third when carers recall over 4 
weeks compared to 24 hours72. Feikin et al. (2010) similarly estimated that 
diarrhoea rates were cut by a fifth when carers recall over 11-13 days compared to 
1-2 days33. Lee et al. (2010), estimated that estimated diarrhoea rates were similar 
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for carers who recalled over a 72-hour period compared to a 24-hour period73, but 
this is a much shorter range than that investigated in the other two studies. 
Based on an indirect comparison of the included active surveillance estimates, I 
estimated that recall periods and estimated diarrhoea rates were inversely 
associated. After model-based adjustment, I found that a doubling of recall period 
was associated with a 47% reduction in diarrhoea rate (IRR=0·53[0·46,0·60]; Table 
4). This is also evident graphically in the crude data (Fig. 7). 
Prospective Vs Retrospective 
No studies directly compared prospective (diary) recall designs against 
retrospective. I estimated through indirect comparison that retrospective recall 
estimates were associated with a lower rate than prospective (diary) estimates, but 
the effect size was relatively uncertain (IRR=0·66[0·41,1·07]; Table 4).  
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Table 4 A random effects model showing the association between study 
characteristics and reported diarrhoea rates for all studies and only active 
surveillance studies in the Systematic Review 
  
  
Active Vs Passive Within Active 
IRR 95%CI IRR 95%CI 
Surveillance 
Type 
Reference: Active Surveillance 
Passive Surveillance 
Ref. Ref. Ref. Ref. 






Reference: Sub-Saharan Africa Ref. Ref. Ref. Ref. 
North Africa/Middle East 0·08 (0·06,0·10) 0·09 (0·06,0·13) 
Central and South Asia 1·96 (0·04,96·96) 1·92 (0·05,90·44) 
Eastern and South-East Asia 0·61 (0·26,1·49) 0·63 (0·26,1·53) 
South America and Caribbean 0·81 (0·62,1·06) 1 (0·73,1·39) 







Reference: Sub-Saharan Africa Ref. Ref. Ref. Ref. 
North Africa/Middle East 1·14 (1·12,1·15) 1·13 (1·11,1·15) 
Central and South Asia 0·98 (0·84,1·15) 0·99 (0·85,1·15) 
Eastern and South-East Asia 1·03 (0·99,1·06) 1·03 (0·99,1·06) 







Primary Ref. Ref. Ref. Ref. 
Observational Secondary 1·01 (0·83,1·22) 1 (0·83,1·22) 
RCT (Baseline or Control) 1·16 (0·84,1·6) 1·55 (1·11,2·15) 
RCT (Experimental Post-
Intervention) 1·01 (0·75,1·36) 1·37 (0·98,1·91) 







Reference: Daily NA NA NA NA 
Weekly NA NA 1 (0·62,1·62) 
Monthly NA NA 2·16 (1·14,4·08) 
Annually or Longer NA NA 4·66 (2·6,8·35) 
One Off NA NA 3·84 (2·48,5·96) 
Method 
  
Reference: Diary NA NA Ref. Ref. 
Self Report NA NA 0·66 (0·41,1·07) 




Variance (Constant) 1·01 (0·80,1·28) 0·68 (0·47,1·00) 
Variance (Residual) 0·07 (0·05,0·09) 0·063 (0·05,0·08) 
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Figure 6 An unadjusted box plot for estimated diarrhoea rate against questioning 
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Figure 7 An unadjusted scatter plot and trendline for estimated diarrhoea rate against recall 
period for active surveillance studies 
   
   
 




I provide evidence that estimates of under-five diarrhoea rates are sensitive to the 
methods used. This includes variance introduced by the choice of passive or active 
surveillance, as well as factors specific to active surveillance. 
Passive surveillance methods were associated with 96% lower diarrhoea rates than 
active surveillance methods. The most probable explanation is that carers do not 
seek health care for the majority of cases where, if asked, they would report 
diarrhoea. While not shown in my results, several studies on access to healthcare 
among infants in LMICs show that the propensity of carers to seek care for their 
under-fives with diarrhoea is influenced by diarrhoea severity, socioeconomic or 
legal status, and other demographic characteristics27-31.  
Regarding active surveillance methods, I found that different questioning 
frequencies influence estimated diarrhoea rates. There was a trend to lower 
estimated diarrhoea rates given higher questioning frequencies: one-off 
questioning was associated with a nearly four times higher estimated diarrhoea 
rate than daily questioning. I also found that differing recall periods were 
associated with a change in estimated diarrhoea rates: a doubling of recall period 
was associated with a halving of estimated diarrhoea rates.  
Factors that Result in Subjective Estimates during Active Surveillance  
As the distinction between the recall of a diarrheal or non-diarrheal stool by carers 
is largely subjective, several cognitive factors can affect estimates. These include 
respondent fatigue (becoming tired of answering questions), recall bias (forgetting 
events that have occurred in the past), perception bias (not understanding the 
question being asked), and reactivity (answering differently due to experiencing an 
intervention).  
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Respondent Fatigue 
Declining diarrhoea rates with increasing questioning frequencies (but the same 
recall period) suggest respondent fatigue – participants may be inclined to pay 
attention to their bowel movements at first but lose motivation with further rounds 
of questioning.  
Recall Bias  
Recall bias is the effect of forgetting: participants are more likely to recall recent 
than older events. I would expect a lower reported number of diarrhoea episodes 
with longer recall periods and this was borne out by my analysis including two of 
the three head-to-head comparisons – the exception examined a much smaller gap 
between questions than the other two33, 74. This finding was corroborated by my 
more recent head-to-head comparison in the next chapter (not included in the 
review because it was published after 2018), where daily recall was associated with 
a 30 percentage point higher estimated diarrhoea rate than fortnightly recall during 
a text message survey of under-five diarrhoea in urban Tanzania75. While not 
examined in my review, it has also been reported that the effect of recall bias is 
more apparent for moderate diarrhoea compared to severe diarrhoea. Zafar et al. 
(2010), for example, found that moderate diarrhoea is reported at half the rate of 
severe diarrhoea during longer recall periods62.  
Other factors affecting diarrhoea estimation 
Other factors outside the scope of this review can further influence reported 
diarrhoea rates. For example, poor caregiver perception of diarrhoea 
(understanding what is or is not diarrhoea) can result in error in diarrhoea 
estimation. Voskuijl et al. (2017) determined that carers of children under five were 
only able to identify 56%-75% of loose or watery stools, and 80% healthy stools37.  
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Another relevant phenomenon is “reactivity” whereby participants adjust their 
answers to a survey according to how they believe they ought to respond, 
regardless of any true underlying difference. I did not identify any studies of 
reactivity in this review but it has been discussed as a potential explanatory factor 
in previous trials. Luby et al. (2018) stated that ‘people who received the 
intervention might have been grateful and, out of courtesy, reported less 
diarrhoea’36. Wood et al. (2008) further found evidence for reactivity in clinical 
trials for various diseases, reporting that inadequate concealment of interventions 
is associated with improved treatment performance in trials, particularly for 
subjective outcomes76.  
Implications 
The magnitude of the variation in diarrhoea rates, even among active methods of 
surveillance, suggests the need for standardization of diarrhoea estimation 
methods to facilitate comparisons between studies. Despite the fourteen day 
UNICEF and DHS standard, there does seem to be a trend towards using a 7-day 
recall period. It was the most frequently used recall period (51%) among RCTs in my 
review. Three of the three recent large integrated WASH trials (the SHINE trials in 
Bangladesh and Kenya, and the WASH Benefits trial in Zimbabwe) also used a seven 
day retrospective recall to measure diarrhoea, in contravention of the UNICEF and 
DHS guidelines77-80. However, the above three trials differed among themselves 
with respect to question frequency: the SHINE trials questioned carers annually, 
while the WASH Benefits trial questioned mothers every ‘two to six’ months78-80 
It could be argued that lack of standardisation simply introduces error in estimates 
that can be counteracted by increasing sample size. However, this is only likely to 
be true if it is assumed that the different methods affect only the propensity of 
someone with a true case of diarrhoea (or indeed enteric infection) to report a case 
of diarrhoea (the “sensitivity” of the method)81. If, however, there is a loss of 
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“specificity” – the propensity of someone who did not have diarrhoea (or enteric 
infection) to report a case of diarrhoea – then intervention effects will also be 
biased across studies using different methods. It is also likely that any estimation 
errors will bias results towards the null, rather than towards reports of intervention 
effectiveness81. It is therefore possible that the choice of methodology is at least 
partially responsible for the widely varying, and often disappointing, results of 
evaluations on WASH interventions19, 36, 78, 80.  
While a widely accepted standard would facilitate comparisons across different 
observational and experimental studies, this raises the question of what the 
optimal standard may be that would also produce reliable reports of diarrhoea 
rates. There is no “gold standard” method for estimating of diarrhoea rates. In part, 
this is because of the difficulty in defining the underlying construct and providing a 
culturally and linguistically consistent definition of a case or episode of ‘diarrhoea’. 
Direct observation by an expert might constitute a gold standard against which 
other methods could be compared, as has been described above in the study by 
Voskuiljl et al. (2017)37. However, judgements among experts may not be universal. 
Moreover, the collection of every stool and use of experts to classify them quickly 
becomes impractical at larger scales. Nonetheless, we examine this in Chapter Four. 
I propose two policies to mitigate the problem. First, an agreed consensus method 
for the estimation of diarrhoea rates in surveys. This consensus method may be 
similar to what is already done, or a new method, including the use of new 
technologies. I explore one such technology, text message surveys, in the next 
chapter. Second, triangulation of diarrhoea rates with other observations that 
reflect on gastrointestinal health when interventions are evaluated. Many WASH 
evaluations already include anthropometric measurements as outcomes alongside 
diarrhoea. Further, direct measurement of environmental contamination and 
pathogen levels in stool samples should complement diarrhoea rates in clinical 
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studies. This would also allow for determination of how much diarrhoea is 
attributable to infection (and which can be reduced by WASH interventions), rather 
than non-infective reasons (which would likely not be impacted by WASH 
interventions). Investigation of the link between interventions, environmental 
contamination, and the profiles of pathogen carriage in childhood stools is an 
important topic for scientific research. I also explore this in Chapter Four. 
  
   
 







3. Methods to Decrease Variation in Estimates of 
Diarrhoea Rates: Effectiveness of Text Message 
Surveys for Diarrhoea Estimation: A Factorial Cross-
Over Randomised Controlled Trial 
 
 
This chapter has been published in its entirety: Rego, R., Watson, S., Ishengoma, 
P. et al. Effectiveness of SMS messaging for diarrhoea measurement: a factorial 
cross-over randomised controlled trial. BMC Med Res Methodol 20, 174 (2020). 
https://doi.org/10.1186/s12874-020-01062-3 
   
 




Text messaging systems can be used to estimate disease prevalence. Using a text 
messaging system, I evaluated the effects of question load, question frequency, and 
financial incentive on response rates and estimated infant diarrhoea rates in an 
infant diarrhoea survey.  
Methods 
I performed a factorial cross-over randomised controlled trial of an SMS surveying 
system for infant diarrhoea surveillance with treatments: financial incentive 
(yes/no), question load (1-question/3-question), and questioning frequency 
(daily/fortnightly). Participants progressed through all treatment combinations over 
eight two-week rounds. Data were analysed using multivariable logistic regressions 
to determine the impacts of the treatments on the response rates and estimated 
diarrhoea rates. Attitudes were explored through qualitative interviews. 
Results 
For the 141 participants, the mean response rate was 47%. In terms of percentage 
point differences (ppd), daily questioning was associated with a lower response 
rate than fortnightly (-1·2[95%CI:-4·9,2·5]); high (3-question) question loads were 
associated with a lower response rate than low (1-question) question loads (-7·0[-
10·8,-3·1]); and financial incentivisation was associated with a higher response rate 
than no financial incentivisation (6·4[2·6,10·2]).  
The mean two-week estimated diarrhoea rate was 36·4%. Daily questioning was 
associated with a higher estimated diarrhoea rate than fortnightly (29·9[22·8,36·9]); 
with little evidence for impact by incentivisation or question load. 
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Implications 
Close to half of all participants responded to the SMS survey. Daily questioning 
evoked a statistically higher rate of estimated diarrhoea, while financial 
incentivisation and low (1-question) question loads evoked higher response rates 
than no incentive and high (3-question) question loads respectively. 
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3.2.Introduction 
Data from infectious disease surveillance systems are used in numerous ways, 
including the evaluation of public health interventions, providing early warning of 
outbreaks, and allowing for the proper allocation of resources. For children in low 
and middle income countries (LMICs), diarrhoeal disease is a key surveillance 
target, as diarrhoeal disease is globally the second highest cause of under-five 
mortality, as well as a large contributor to stunting and perhaps cognitive delay1, 3. 
There are two basic methods of disease surveillance: passive surveillance, such as 
the WHO’s EWARS based on reports of targeted diseases from health facilities; and 
active surveillance, where households are visited randomly to ascertain diarrhoea 
rates. Both methods have strengths and weaknesses. In my systematic review, I 
found that passive surveillance is inexpensive but underestimates diarrhoea rates 
(as not all affected patients visit reporting health facilities) (Chapter Two). On the 
other hand, active surveillance, which is based on door to door questioning, may 
detect a higher proportion of cases but is costly and time-consuming (Chapter 
Two). Factors within active surveillance methods may also introduce variation in 
estimated rates. 
Ninety percent of people in LMICs have access to basic mobile phones which can be 
used for health promotion and disease surveillance41, 42. In Southern Africa, for 
example, mobile phones have been used effectively for over a decade to ensure 
adherence to antiretroviral medication for HIV82. Mobile phones have also been 
used in Ghana during a demographic and health survey, and during the 2014-2015 
West African Ebola outbreak44, 45. During the 2014-2015 Ebola outbreak in Liberia, 
mobile phone surveys were deployed to find Ebola cases, estimate Ebola mortality 
rates, and evaluate care-seeking behaviours of Ebola patients44. The Liberian study, 
utilising a random list of phone numbers, conducted both phone call and text 
message surveys. The study received a response rate of 15% to text messages and 
13% to phone calls44. The results also showed a significant drop in response rates 
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for both messages and phone calls between the first and second rounds of data 
collection – from 22% to 11% for text messages and 18% to 10% for phone calls44. 
L’Engle et al. (2018) used mobile phone voice message surveys to measure 
demographics and health behaviour in a Ghanaian non-emergency setting, 
obtaining a response rate of 31%45. The study also found that younger, urban, 
highly educated, and male respondents were more likely to respond to the mobile 
phone survey than face to face surveys – possibly resulting in selection bias45.  
It is clear that mobile phones are capable of estimating disease rates. However, 
response rates in past studies were not very high and were influenced by numerous 
factors. Some factors may relate to the design of the system. I therefore decided to 
investigate the effect of certain factors of design on response rates. Given the 
importance of childhood diarrhoea, I selected this as the disease of interest for my 
study. The estimation of rates of childhood diarrhoea is also subject to a 
considerable amount of error given factors such as recall period and questioning 
frequency, with a majority of studies choosing either 24-hour recall or 14-day recall 
(Chapter Two). I therefore decided to measure the effects financial incentivisation 
(yes/no), recall period/questioning frequency (24-hour vs 14-day), and question 
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3.3.Methods  
This trial is reported in line with the Consolidated Standards of Reporting Trials 
(CONSORT) Statement83. The CONSORT Checklist can be found in Appendix IV. 
Study Design 
I conducted a factorial, multiple crossover randomised control trial (RCT) of three 
SMS messaging data collection formats: daily vs fortnightly messaging, 
incentivisation of 1000TZS (~0·40USD) per response vs no incentivisation, and a 
high question load (1-question) vs a low question load (3-question) survey 
instrument. This resulted in eight possible combinations of formats. The 
participants progressed through all eight treatment combinations in a random 
order over eight two-week rounds, between April and September 2019. 
The study took place in three informal settlements in Mwanza, Tanzania, where 
participants were recruited with the assistance of local community leaders. 
Community leaders assembled adults who cared for at least one child between 6 
and 60 months, had access to their own mobile phone, and expressed interest in 
participating. Two or three meetings were held in each of the three communities 
where potential participants were invited to attend at a time of their convenience. 
The meetings provided potential participants with an opportunity to learn more 
about the study, ask questions, and discuss the project with the study team and 
their peers. Those who wished to participate provided written consent to field 
workers and were enrolled in the study. Consenting participants then completed a 
short demographic questionnaire. 
Randomisation 
Eight study arms were formed such that at any time point one arm would be 
receiving one of the eight treatment combinations, with no arm receiving the same 
treatment combination at any time point. Treatment sequences were randomly 
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generated by SW for each study arm with the restriction that no arm would receive 
the same incentive for more than two consecutive rounds or the same recall period 
for more than one round (Table 5). Further, each arm was sequenced to receive 
each of the eight treatment combinations over the study. RR then randomised 
participants at a 1:1:1:1:1:1:1:1 ratio into each arm using Microsoft Excel’s RAND 
function. Participants were blinded to their arm allocations and sequence.
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Table 5 Treatment combinations for each arm (A-H) during each study round with 
treatments 
  
Round 1 Round 2 Round 3 Round 4 Round 5 Round 6 Round 7 Round 8 
  




A F N H D I L F I H D N L F N L D I H F I L D N H 
B D I L F N L D N H F I H D I H F N H D N L F I L 
C D N L F I L D I L F N H D N H F I H D I H F N L 
D D N H F I H D I H F N L D N L F I L D I L F N H 
E F I H D N L F N H D I H F I L D N H F N L D I L 
F F I L D N H F N L D I L F N H D N L F I H D I H 
G F N L D I H F I L D N H F I H D I L F N H D N L 
H D I H F N H D N L F I L D I L F N L D N H F I H 
Table 5 Legend: 1) frequency (F), varying as daily (D) and fortnightly (F); 2) incentive 
(I), varying as incentive present (I) and no incentive (N); and 3) question load (Q), 
varying as high/3-question (H) and low/1-question (L)
   
 
 72  
 
Procedures 
A text message, formatted according to the randomisation schedule, was sent via 
SMS message to participants between 10 AM and 11 AM local time on days due. On 
days due, all participants also received TZS 500 (~0·20USD) in airtime to cover the 
cost of responding to the survey. Participants receiving the incentive airtime 
payments were informed that this would be provided upon completion of all survey 
questions. If participants did not respond or complete the survey, they would 
receive two reminders – one after four hours, and the second after a further four 
hours. Responses were not accepted beyond 12 hours from the initial message. 
Participants choosing to participate were sent the applicable survey as per their 
assigned arm (Table 5). Participants receiving the 1-question survey were asked if 
their child had normal stool, loose stools, or watery stools over the past 24 hours or 
14 days (dependent on frequency treatment) (Fig. 8). Participants receiving the 3-
question survey were asked additional questions regarding blood in stool, vomiting, 
and health facility visits, if they reported loose or watery stool in the initial 
question. (Fig. 8).  
I conducted nine qualitative interviews with carers taking part in the study to 
determine barriers and motivators to the SMS surveys. Nine were chosen as this 
was the number needed to reach theoretical saturation. Participants for qualitative 
interviews were chosen purposively to select those who had answered with 
different levels of frequency and to represent each study settlement. Sampling 
ensured that in each settlement, one person who never answered, one person who 
answered consistently, and one person who answered with varying consistency was 
interviewed. The interviews took place in KiSwahili and were conducted using a 
semi-structured guide exploring questions on daily life, attitudes towards the SMS 
system, and how the SMS system fits into their daily life (Appendix V). The 
interviews were transcribed and later translated into English for analysis using a 
code book. These were back translated to ensure accurate translation. 
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Figure 8 Questions in the text message survey 
 
  
Did [name] have 1. normal stools; 2. loose stools; or 3. watery stools 
over the last [24 hours/two weeks]
3 Question
If 1: Thank you for 
taking part
If 2 or 3: How many 
stools has [name] had 
over the last [24/hours 
or two weeks]? 
Were there any blood 
in the stools? 1. Yes; 2. 
No
Did [name] have any 
vomiting on the same 
day as the diarrhoea? 
1. Yes; 2. No
Have you taken [name] to a clinic/doctor/hospital 
because of the stools? 1.Yes 2.No (Consider taking 
the child to Bugando Government Hospital)
Thank you for taking 
part
1 Question
For all responses: 
Thank you for taking 
part
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Outcomes 
The first outcome of the study was the complete survey response rate. Complete 
response was pre-defined as completing all questions in >70% of the daily surveys 
sent in a two-week round, or completing all questions in the fortnightly survey. The 
second outcome was the estimated rate of having diarrhoea during the two-week 
round, measured as having any number of loose or watery stools in the past two 
weeks. The third outcome was the attitudes towards the different surveying 
strategies, as uncovered in the qualitative work.  
Quantitative Sample Size and Analysis 
I conducted a simulation-based analysis of the design. I calculated delta, the 
minimal detectable treatment effect, for power of 80% and type I error rate of 5%. I 
assumed that the interaction effect sizes were half the size of the direct effect of 
each treatment. A baseline response rate of 50% was assumed as this was the most 
conservative value in terms of power. I also assumed an intra-class correlation 
coefficient of 0·05 for the proportion of variance at the individual level. Under these 
assumptions, the minimum detectable average treatment effect was 7·5 
percentage points. 
Complete response was analysed using a standard model for factorial trials84. A 
multivariable logistic regression model was estimated, containing indicators for 
each treatment and all treatment interactions, as well as demographics (participant 
sex, education, age, and household income) and random effects at the individual 
level. Dummy variables to adjust for time and area were also included. Average 
marginal treatment effects for each treatment in absolute terms (percentage point 
difference) were then estimated from each model.  
The second outcome, diarrhoea rate, was examined in an identical way for 
complete responses – again with a logistic regression model, using the estimated 
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presence of loose or watery stool at any point during the two-week period as the 
dependent variable.  
All data were monitored daily for any issues with receipt of the data. Due to the 
failure of the mobile phone network, rounds two and seven were repeated at the 
end of the survey period (disregarding any data from the first attempt of rounds 
two and seven). 
Qualitative Sample Size and Analysis 
Qualitative individual semi-structured interviews were conducted until theoretical 
saturation was reached. I determined that theoretical saturation was reached when 
both I and the research assistant conducting interviews did not find any themes 
reported by respondents in the previous two interviews.  
Qualitative interviews were examined through the use of a codebook. I manually 
coded each interview by hand, looking for themes within broad topics (such as 
ease, questioning frequency, etc.). Topics of particular attention included time, 
convenience, comfort, and social harms. The codebook was then examined to 
determine the most frequent themes. Due to financial and human resource 
constraints, I coded the data alone.  
Ethics Approval and Consent to Participate  
The study was approved by the University of Warwick Biomedical and Scientific 
Research Ethics Committee (BSREC) (REGO-2018-2148), and cleared by local 
environmental health officers at the Mwanza Urban Water Supply and Sanitation 
Authority and the Lake Victoria Basin Office. I additionally followed international 
standards for health research as per University of Warwick and United Nations: 
participants were asked to give written informed consent; all documents were in 
the Tanzanian dialect of KiSwahili, and all documents were explained and read to 
the participant by a local research assistant if necessary. Data were stored on an 
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encrypted server. All participants were free not to take part; and in the event that a 
carer reported blood in the stool, were told to visit the public hospital. Further, all 
participants were given a local phone number to call with concerns. The 
protocol was prospectively registered on ISRCTN on the 20th of March 2019 under 
number ISRCTN11410773.  
3.4.Results  
Participant Demographics 
In April 2019, one-hundred and forty-one respondents were recruited and 
randomised into one of eight arms. Figure 9 presents the CONSORT flow chart. 
There were no withdrawals, and all respondents who wished to take part were 
eligible. Table 6 reports the summary statistics for the study cohort. The average 
age of the respondents was 28·9 years – with most (92·2%) having completed 
primary school or above. Respondents were predominantly female (97·9%), and 
most (51·1%) had a household income below 50,000TZS (21·75USD) a month. The 
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Survey Response Rates 
Over the course of the study, between April and September 2019, 8,215 surveys 
were distributed: 7,655 daily texts and 560 fortnightly texts, with an even split 
between the high question load (3-question) and low question load (1-question) 
surveys, and incentive and no incentive. These can be broken down into 1,122 
child-rounds of observation (each round lasting two weeks). The trial concluded in 
September 2019 when all arms progressed through all treatment combinations. 
The mean response rate was 47%. Daily questioning had a similar mean response 
rate to fortnightly questioning (46·6 % vs 48·0%); the 3-question survey was lower 
than the 1-question (43·8% vs 51·0%); and the incentivised surveys was higher than 
the surveys without incentive (50·6% vs 44·0%) (Fig. 10). When examining mean 
response rates by interactions between treatments, there was little evidence of any 
interaction between treatments, other than response rates being lower when daily 
questioning and the 3-question survey were combined (Fig. 11). Response rates 
increased as the study progressed (Fig. 10). 
Table 7 reports the results from the adjusted model-based analysis. Daily 
questioning was associated with a non-significant reduction in the response rate by 
a 1·2 percentage point difference (ppd) [95%CI:-4·9,2·5], compared to fortnightly 
questioning. The 3-question survey was associated with a significant reduction of 
response rates by 7·0ppd [-10·8,-3·1] compared to the 1-question survey. 
Incentivisation was associated with a significant increase in response rates by 
6·5ppd [2·6,10·2] compared to no incentive.  
There was also evidence that respondent age affected response rates, with each 
additional year of age being associated with an increased in response rate by 
1·1ppd [0·2, 2·1], as did time, with a 0·9ppd [0·0,1·7] increase per round (Table 7). 
Having education beyond the primary stage was associated with an increase in 
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response rates by 11·7ppd [-1·6,25·1] when compared to having primary education 
or lower. Having a low income (below 50,000TZS) was associated with a decrease in 
response rate by 3·8ppd [-16·2,8·6] when compared to middle or high income 
(Table 7). 
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Table 7 Estimated Adjusted Treatment Effects and Effects of Demographic Factors 
on Response Rate  
Treatment and Demographic Factors 
Adjusted Treatment Effect 
(percentage point difference, 
(95%CI)) 
Daily Recall vs 14 day Recall -1·2 (-4·9,2·5) 
3-question Survey vs 1-question Survey -7·0 (-10·8,-3·1) 
Incentive vs No Incentive 6·4 (2·6,10·2) 
Age of Respondent (continuous in years) 1·1 (0·2,2·1) 
Beyond Primary Education vs Primary 
Education or Lower 11·7 (-1·6,25·1) 
Low Income (below 50,000TZS) vs Middle or 
High Income -3·8 (-16·2,8·6) 
Study Round (continuous) 0·9 (0·0,1·7) 
Kilimahewa vs Igogo -3·4 (-18·6,11·2) 
Unguja vs Igogo -6·0 (-21·2,9·1) 
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Estimated Diarrhoea Rates 
Overall, 36·4% of the 14-day child-rounds reported diarrhoea. When broken down 
by treatment, daily questioning had an estimated diarrhoea rate of 51·2% 
(compared to 21·9% for fortnightly questioning); the 3-question survey had a 36·3% 
estimated diarrhoea rate (compared to 36·4% for the 1-question survey); and the 
incentivised surveys had a 38·7% estimated diarrhoea rate (compared to 33·6% for 
surveys without incentivisation) (Fig. 10). When looking at the impact of 
interactions between interventions on diarrhoea rate, I see a similar trend, with all 
treatment combinations that included the fortnightly survey having a similar lower 
estimated rate, regardless of interaction (Fig. 11). The estimated diarrhoea rate 
appeared to decrease as the study progressed (Fig. 10) 
Table 8 reports the results from the model-based analysis. Compared to fortnightly 
questioning, daily questioning was associated with a significant increase in the 
estimated diarrhoea rate, with an adjusted treatment effect of 29·9ppd [22·8,36·9]. 
There was no evidence to suggest that the 3-question survey had a significant 
impact on the estimated diarrhoea rate, with an adjusted treatment effect of 
0·0ppd [-6·0,5·9]. There was little evidence indicating that financial incentivisation 
had a significant impact on the estimated diarrhoea rate, with the incentive raising 
the estimated diarrhoea rate by 3·0ppd [-3·1,9·0].  
Evidence showed an impact by respondent age, with each additional year in age 
associated with a decrease in the estimated diarrhoea rate by 1·2ppd [-2·2,-0·2], 
but not by other demographics (Table 8). Evidence also indicated a decrease in the 
estimated diarrhoea rate over the course of the study by 2·9 ppd per round [-4·3,-
1·5].  
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Table 8 Estimated Adjusted Treatment Effects and Effects of Demographic Factors 
on Estimated Diarrhoea Rate 
Treatment and Demographic Factors 
Adjusted Treatment Effect (percentage 
point difference, (95%CI)) 
Daily Recall vs 14-day Recall 29·9 (22·8,36·9) 
3-question Survey vs 1-question Survey -0·0 (-6·0,5·9) 
Incentive vs No Incentive 3·0 (-3·1,9·0) 
Age of Respondent (continuous in years) -1·2 (-2·2,-0·2) 
Beyond Primary Education vs Primary 
Education or lower  3·7 (-10·2,17·6) 
Low Income vs Middle or High Income -0·3 (-12·9,12·3) 
Study Round (continuous) -2·9 (-4·3,-1·5) 
Kilimahewa vs Igogo 4·5 (-10·5,19·6) 
Unguja vs Igogo -1·6 (-16·7,13·6) 
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Figure 10: Mean response rates (1-3) and estimated diarrhoea rates (4-6) over all 
eight rounds to the SMS Survey, broken down by treatment 
 
Figure 10 Caption: 1 and 4: daily (circle points) Vs Fortnightly (square points) 
surveys; 2 and 5: 3-Question (circle points) Vs 1-Question (square points) surveys; 
and 4 and 6: Incentive (circle points) Vs No Incentive (square points). Trend lines 
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Figure 11: Mean response rate (above) and estimated diarrhoea rate (below), and 
95%CIs, of treatment combinations. 
 
Figure 11 Caption: F: Fortnightly Questioning; D: Daily Questioning ; L: Low 
Question Load (1-Question Survey); H: High Question Load (3-Question Survey); N: 
No Incentive; I: Incentivisation 
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Qualitative Findings 
Table 9 presents the key qualitative findings. A high degree of acceptance with the 
SMS surveying system was observed during the analysis of the qualitative 
interviews. This is likely because participants were accustomed to using mobile 
phones, as they use them in daily life for work, communicating with friends and 
family, and studying, saying, for example, “I use a mobile phone-especially 
communicating with customers and purchasing materials from suppliers;” and “'I 
am using my phone most of the times calling and answering calls and sometimes 
texting to my relatives.” 
Participants reported that the messages were not perceived as intrusive and that 
late morning receipt of messages was convenient. Participants further reported 
appreciation of the reminders, with one reporting “The reminders offered was good 
especially for question one, I always forget to answer but the reminders assisted 
me to answer the questions.” 
Participants were mixed regarding if incentivisation altered how likely they were to 
respond. Some stated that incentivisation “encouraged [them] a lot,” as it provided 
them with the opportunity to call family. Others said it did not factor into if they 
replied. Participants also reported appreciation for being able to report on their 
child’s health, and would prefer if the study went further – checking on the child 
after health conditions were reported, offering education, and provided money for 
food or medicine. One participant stated “The project should be able to offer 
education on the type of food to be given to children especially after treatment. 
The project should also check on children after they discover an issue and provide 
money to buy food and medicine for the children.” Participants also reported 
paying more attention to their child’s health because of the survey.  
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Participants generally did not mind frequent questioning, but believed they would 
be able to remember diarrhoea that occurred 14 days ago. Participants also did not 
mind answering more questions, with some even wanting to answer more 
questions on their child health. 
Participants were mixed regarding preference towards face to face surveys vs SMS 
surveys. Some preferred the ease and privacy of SMS surveys, with one stating “I 
would be able to talk to a person but I prefer the privacy by phone. Others, 
however, preferred face to face surveys, as 1) they provide the opportunity to ask 
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3.5.Discussion  
I conducted an individual level factorial multiple crossover randomised control trial 
in Mwanza, Tanzania to estimate the effects of questioning frequency, question 
load, and incentivisation on response rates to an SMS survey on under-five 
diarrhoea in urban informal settlements. The study also included analyses of the 
effects of demographics on the response rate; the effects of questioning frequency, 
question load, and incentivisation on the estimated diarrhoea rate; and a 
qualitative examination of attitudes towards text message surveys. The principal 
findings of the study are that SMS messaging can be a suitable means of disease 
surveillance in LMICs, with response rates of around 50% in my study, but that 
results can be impacted by the methodologies used: financial incentivisation is 
associated with an increase in the response rate, increased questioning loads is 
associated with a decrease in the response rate, and frequent questioning with 
short recall periods is associated with a decrease in the estimated diarrhoea rate. 
The Impact of Treatments on the Response Rate 
The complete response rate over all eight rounds was 47% - a proportion higher 
than reported in previous similar studies: 15% in Liberia during the Ebola Outbreak, 
and 31% in Ghana during a demographic and health survey44, 45. Reasons for the 
higher response rate include differences between the study sites, health topic, and 
study recruitment (with my study recruiting consenting participants, whereas the 
aforementioned studies randomly messaged unconsented participants). Evidence 
from my study additionally indicates that daily questioning (24-hour recall) had a 
similar response rate to the fortnightly survey (14-day recall), suggesting that after 
14 days of daily questioning respondent fatigue did not set in, as has been 
suggested in past studies85. Further supporting that fatigue did not set in, there was 
an increase in the response rate over time. Additionally, qualitative work revealed 
that participants did not mind answering questions more frequently. 
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There did appear to be a slightly lower response rate for the 3-question survey 
(when compared to the 1-question survey) – suggesting that the 3-question survey 
was burdensome for the respondents. This is in line with past studies, including 
Bhavnani et al. (2014), who suggested that fatigue might occur if participation 
required a high amount of effort85. Respondent fatigue is supported by my finding 
that when daily questioning is combined with the 3-question survey, there is an 
additional lowering in response rate. This reduction in response rate may have been 
even more apparent if regardless of response participants were given all three 
questions, rather than only being given all three questions if the participant 
reported diarrhoea. This was not supported by qualitative findings, however. 
Participants generally reported wanting to answer even more questions than we 
asked.  
The incentive did yield a statistically significant increase in the mean response rate. 
This is consistent with Hopkins and Gullickson’s (1992) meta-analysis on the impact 
of financial incentivisation on survey response, which found that financial 
incentivisation increased response rate by 19% when given with the survey (prior to 
completion) and by 7% when given after the survey. The latter figure is similar to 
the 6·4ppd increase in response rate observed in my survey through provision of an 
incentive after survey completion86. Qualitative results were mixed regarding the 
impact of incentivisation – with some participants saying it pushed them to 
respond, with others saying it did not matter. However, the participants stated that 
non-financial incentivisation may also work, including: 1) providing health 
education with the messages; 2) checking on children who are reported as unwell; 
and 3) providing medicine or food for the children. The participants also stated that 
the messages encouraged them to pay more attention to the health of their 
children, which was a large motivator. 
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The Impact of Demographics on the Response Rate, and Ease of Use 
Those with higher education were more likely to respond, with those who had 
progressed beyond the primary stage of education responding at a rate 11·7ppd 
higher than those with primary education or below. This finding was also seen in 
L’Engle et al. (2018) study on demographic and health surveys Ghana45. L’Engle et 
al. surveyed a nationally representative sample using an eighteen question 
demographic and health survey to determine response rates to a mobile phone 
survey45. This study used pre-recorded voice messages in which participants would 
respond by inputting a certain number on their dial pad45. Comparing the results of 
the mobile phone survey to two similar nationwide surveys which used face to face 
surveying, the study estimated that populations with no education answered the 
mobile phone survey at a rate 5 to 18 ppd less than a face to face survey45. The 
study also estimated that populations with secondary education or above answered 
the mobile phone survey at a rate 27 to 29 ppd higher than a face to face survey45. 
L’Engle et al. concluded that while mobile phone surveys are a promising tool for 
data collection, differential response rates by varying demographics could 
introduce bias if adjustments were not made. 
Qualitative work revealed that participants generally did not have issues 
responding to the survey. The messages generally came at a convenient time, and if 
they did not the reminders were appreciated. Participants also reported ease in 
using the SMS survey system, as they often used their mobile phones in daily life for 
work and socialising. This is unsurprising, considering how common mobile phones 
are in urban East Africa59. 
The Impact of Treatments on the Estimated Diarrhoea Rate 
Diarrhoea was reported in 36% of complete child-rounds – yielding an estimated 
incidence of 9 episodes per child year. While this number is slightly higher than 
previously estimated in urban East Africa, the finding can be explained on the basis 
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that all participants in the previous studies were presented a 14-day recall period87. 
When restricting the analysis to the 14-day recall period, I estimated an incidence 
of 6 episodes per child year, in line with previous studies. This is considerably lower 
than the estimated incidence of 13 episodes per child-year for 24-hour recall. The 
higher diarrhoea rate estimated for the daily survey with 24-hour recall, when 
compared to the fortnightly survey with 14-day recall, provides support of recall 
bias, whereby respondents forget events that occur over long periods33, 62. Feiken 
et al. (2010) report prevalence dropping from 18% for 24-48 hour recall to around 
5% in 11-13 day recall33, 62. Zafar et al. (2010) report that severe diarrhoea is twice 
as likely to be reported as moderate diarrhoea during longer recall periods33, 62. This 
conflicts with qualitative findings in which parents report being able to recall 
diarrhoea over 14 days.  
Incentive and survey type did not influence estimated diarrhoea rates. Of interest, 
however, estimated diarrhoea rates did decrease markedly over subsequent 
rounds. I hypothesize three (non-exclusive) reasons for this. First, the survey may 
have created a heightened awareness of diarrhoea risk and child health (as 
reported in the qualitative work), resulting in better WASH practices; second, 
respondents may have been embarrassed by constantly reporting diarrhoea88; 
third, respondents may have telescoped answers at the beginning of the survey 
(recalling from a longer period than the stated recall period). 
Strengths and Weaknesses 
There are two substantial weaknesses in this study. 1) As the questioning frequency 
treatment included variation of both frequency and recall period – with fortnightly 
questioning asking about the past fortnight, and daily questioning asking about the 
past day, it is not possible to determine if the differences associated with this 
particular treatment were due to the frequency or the period of recall. 2) The study 
was unable to ascertain the impact of perception bias and if participants truly 
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understand what defines a case of diarrhoea. For example, in a previous study, 
Voskuijl et al. (2017) found that carers of infants with severe acute malnutrition in a 
Malawian hospital were only able to identify 75% of loose or watery stools as such 
(loose or watery stools being identified by observation by a health care provider)89.  
This study has several strengths. The study took place in an urban East African city 
with a fairly representative culture and geography of other urban East African 
areas, so I believe that the results are generalisable to similar settings. Further, the 
study data provides results which are not only consistent throughout the study, but 
also build of past literature. Bhavnani et al. (2014) discussed the possibility of 
respondent fatigue through frequent, in depth, questioning which I provide 
evidence for85. Hopkins and Gullickson (1992) found evidence that incentivisation is 
associated with increased response rates, which I also find evidence for, but in the 
novel form of an SMS survey86. Similarly, Feiken et al. (2010) and Zafar et al. (2010) 
found evidence for recall bias during in-person surveys for diarrhoea, which I also 
see in my novel SMS survey33, 62. Finally, L’Engle et al. (2018) found a substantial 
association of demographics, such as education, on response rate in their SMS 
survey, but, due to their use of uninformed participants, had a low response rate45. 
My use of informed participants resulted in a higher response rate.  
Conclusion 
SMS surveying is a feasible method of collecting data on child health among 
populations with high levels of access to mobile phones. There are several 
variations in the system which may affect response and estimated diarrhoea rates. 
Financial incentivisation (compared to no financial incentivisation) increases the 
response rate but does not impact the estimated diarrhoea rate. A high question 
load (3-questions compared to 1-question) decreases the response rate, 
particularly when done so at a high frequency, but does not impact the estimated 
diarrhoea rate. Daily questioning and recall (compared to 14-day questioning and 
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recall) does not impact response rate, but dramatically increases the estimated 
diarrhoea rate.  
When conducting standard in-person active surveillance, my results call for the 
need to standardise the methodologies used to minimise undesirable variation in 
results. These standardised methodologies should use incentivisation and low 
question loads to maximise response rate, while using a short recall period to 
minimise recall bias. 
Future research is needed in this field, however, including evaluation of SMS 
surveillance systems in other populations, such as those in rural areas; evaluation of 
questioning frequency and recall period separately; and further evaluation into the 
ability of carers to correctly identify diarrhoea.  In the next chapter I look at the 
ability of carers to correctly identify diarrhoea, as well as the extent of 
misclassification when using diarrhoea as a proxy of enteric infection.
   
 








4. Evaluating Diarrhoea as a Proxy Marker of Enteric 
Infection: A Comparison of Traditional Diarrhoea 
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Water, Sanitation, and Hygiene (WASH) systems aim to reduce enteric infection, 
particularly among children under the age of five. The most often used primary 
outcome of WASH trials is carer-reported diarrhoea. To evaluate intervention 
effectiveness using this primary outcome, it is therefore necessary to assume that 
diarrhoea classifies enteric infection reliably. In this chapter, I evaluate diarrhoea as 
a proxy marker of enteric infection. 
Methods 
I performed a study in the Cox’s Bazar Forcibly Displaced Myanmar Nationals Camp. 
First, I randomized 800 households into either a standard questionnaire asking 
carers if their under-five has had diarrhoea in the past fortnight; or a pictorial 
questionnaire asking carers to pick from a stool chart which stools their under-five 
has had in the past fortnight. Second, I collected stools from a random sample of 
120 of the under-fives. Stools were examined visually, tested for proteins 
associated with enteric infection, and tested for 26 common enteric pathogens. 
Using the enteric pathogen tests as a ‘gold standard,’ I calculated sensitivities and 
specificities for each survey type, visual examination, and proteins as proxy markers 
of enteric infection.  
Results 
The probability of a carer whose child’s stools had at least one enteric pathogen 
detected reporting diarrhoea (sensitivity) using the standard survey was 0.49 
[95%CI:0.32 ,0.66] and the probability of a child whose stools did not have any 
enteric pathogens detected not reporting diarrhoea (specificity) was 0.65 [0.41, 
0.85]. Qualitatively similar sensitivities and specificities were observed for the other 
proxy markers. 
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Implications 
While diarrhoea is an important sign in clinical practice it appears that it is a poor 
proxy for enteric infection in epidemiological surveys in Cox’s Bazar and likely other 
similar environments. In WASH trials, intervention effects are therefore likely to be 
biased towards the null.   
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4.2.Introduction  
Despite WASH interventions aiming to disrupt the transmission of enteric 
pathogens, trials of WASH interventions generally do not use microbiologically 
confirmed enteric infection as their primary endpoint. As diarrhoea is the main 
clinical presentation of enteric infection at health facilities, as well as an important 
cause of child death, diarrhoea is typically used as the end point in WASH trials. 
Diarrhoea is also cheaper to measure than enteric infection. Given that WASH 
interventions only affect the risk of diarrhoea indirectly, via a reduction in the risk 
of infection, we must assume that diarrhoea can classify enteric infection reliably to 
reliably estimate intervention effectiveness. However, many recent large-scale 
evaluations of WASH interventions have found limited evidence for intervention 
effectiveness using diarrhoea as an endpoint18-20. It has been hypothesized that the 
lack of intervention effectiveness is due to diarrhoea not classifying enteric 
infection reliably. 
WASH trials generally elect to use diarrhoea rates estimated from active 
surveillance techniques (surveying in the community) rather than passive 
surveillance techniques (measuring health facility visits for diarrhoea). The use of 
active surveillance is due to many children with diarrhoea not visiting health 
facilities. For every case of diarrhoea that presents at a health facility there will be 
about 50 reported on a community based survey90. Active surveillance techniques 
therefore likely estimate much more accurate diarrhoea rates than passive 
surveillance, as we have demonstrated in Chapter Two. However, active 
surveillance can also introduce bias and error into estimated diarrhoea rates, as 
seen in Chapters Two and Three.  
From a clinical point of view benign carriage of an infective organism is of little 
interest; it is well known that an infected person can be entirely well. But this is not 
true from an epidemiological or public health perspective; a carrier can still spread 
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the organism and carriage is therefore an indication of population risk. It is this risk 
that WASH interventions aim to reduce. So, in this study I set out to measure the 
extent of misclassification when using diarrhoea as a proxy marker of infection. 
Until recently direct measurement of the carriage of pathogenic organisms has 
been difficult due to high cost and the need for costly infrastructure that is often 
unavailable. However, with falling costs of stool pathogen testing, widespread 
availability of lab equipment, and the advent of rapid diagnostic tests (e.g. lateral 
flow tests using immunochromatography) with good sensitivities and specificities 
for infection, measurement of enteric infection is possible.  
To determine the extent of misclassification when using diarrhoea as a proxy 
marker of enteric infection, I conducted an observational study in the Cox’s Bazar 
Forcibly Displaced Myanmar Nationals Camp. I evaluated four methods of 
measuring diarrhoea as proxy markers of enteric infection: 1) the standard survey 
method, recommended by UNICEF and the Demographic and Health (DHS) survey, 
that is used in most evaluations of WASH interventions: asking carers if their child 
has had diarrhoea in the past 14 days63; 2) pictorial surveys, asking carers to pick 
from the Amsterdam Stool Chart which stools their child has had in the past 14 
days91; 3) visual confirmation, where a trained researcher looks at the stool and 
determines if it is loose or watery37; and 4) analysis of the stool for proteins 
associated with diarrhoea (calprotectin and lactoferrin)50, 51. In addition to 
determining the extent of misclassification of enteric infection when using each of 
these proxy markers, I also calculated the agreement between standard verbal 
surveying, pictorial surveying, and visual stool analysis in measuring diarrhoea. 
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4.3.Methods  
Study Design  
I conducted a repeated cross-sectional randomized study in the Leda Makeshift 
Camp of Cox’s Bazar at two time periods, the wet season in July/August 2019, and 
the dry season in November 2019. I aimed to estimate the misclassification error 
associated with four proxy markers of enteric infection in children under-five. I 
randomised 800 participants in a 1:1 ratio to either a standard or pictorial 
questionnaire on diarrhoea, described below. I then randomly collected stool 
samples from 15 participants not reporting diarrhoea and 15 participants reporting 
diarrhoea for each survey type in each of the two rounds for a total of 120 stool 
samples (Fig. 12). Stools were examined visually, and tested for proteins associated 
with enteric infections and 16 common enteric pathogens. A random sequence 
dictating from whom to collect stool was generated using Microsoft Excel, taking 
into account expected rates of reported diarrhoea to ensure that samples were 
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Study Setting  
Cox’s Bazar, an area on the South-Eastern Coast of Bangladesh, is home to over one 
million Forcibly Displaced Myanmar Nationals (FDMNs). This population, mostly 
belonging to the Rohingya ethnic minority group, came to Bangladesh in several 
waves since 1962, with the most recent wave in 2017. Cox’s Bazar contains 29 
individual FDMN camps. This study took place in the makeshift camp area of Camp 
24 (Leda), an area of high population density and poor WASH infrastructure, 
including poor drainage and a lack of sanitation facilities (Fig. 13). The first round of 
data collection took place in the time period between July and August 2019, the 
rainy and warm season (average temperature 32C with 25-27 rainy days per month) 
in Cox’s Bazar; and the second round of data collection took place in the time 
period between November and December 2019, the dry and cold season (average 
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Participant Recruitment and Randomisation 
I aimed to recruit a random sample of 400 households during each round of data 
collection. As I could not obtain a community list of households, I used a variant of 
the extended program on immunization (EPI) sampling method, in which a series of 
random angles and distances from a predetermined central point were generated, 
selecting households closest to the random point93. Prior to the start of the day, a 
list of houses was generated using the EPI sampling method, with an arm randomly 
assigned using the RAND function in Microsoft Excel. If a selected household did not 
have an adult present, I returned daily until I made contact. If the household 
reported not having a child under the age of five, I moved onto the next house. 
Adults in households with a child under the age of five had the study explained to 
them. If the respondent was interested, I sought consent and evaluated the 
household against the inclusion and exclusion criteria: having at least one child 
under the age of five, the respondent being over the age of 18, and the household 
not expecting to relocate, resettle, or repatriate in the next six months (as to not 
preclude the possibility of follow up). The enrolment of consenting households 
included collection of the household’s GPS coordinates, the carer’s name, and the 
carer’s mobile phone number. These identifiable data were recorded separately 
from the survey data and linked through individual household identifiers. In the 
event that a household had more than one child under five, I selected the oldest 
child under five as the main child of interest.  
Data Collection and Variables 
Demographic Survey 
The survey began with a demographic survey, using questions extracted from the 
Demographic and Health Surveys94. The demographic survey included questions on 
the health and demographics of the carers and all children under five in the 
household, including: age, education, employment, health conditions, and time 
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spent in Bangladesh. I also asked about: the number of other people living in the 
household; household access to and use of WASH resources; building materials of 
the home; and breastfeeding. A full questionnaire can be found in Appendix VI. 
After this demographic survey, either the standard or pictorial diarrhoea 
questionnaire was administered.  
Diarrhoea Questionnaires 
In the standard questionnaire arm, I used the UNICEF/DHS recommended method 
of asking carers if their oldest child under five has had diarrhoea in the past 14 days 
(defined as three or more loose or watery stools in one day); if their child has had 
blood in their stool in the past 14 days; and, only if the carer reported diarrhoea or 
blood in stool, if and where they had sought care63.  
In the pictorial questionnaire arm, I measured the mid-upper arm circumference 
(MUAC) of oldest child under five. I then showed the respondents the Amsterdam 
Stool Chart (Fig. 14) and asked which consistencies and colours of stool their oldest 
child under five had in the past 14 days95. If the carer reported diarrhoea, which I 
defined as type A (watery stool), or type B (loose stool), I then asked how many 
times the child had this stool type on the worst day, how long ago they last had this 
stool type, and how many days the diarrhoea lasted. I then, regardless of diarrhoea 
status, asked about fever, blood in stool, vomiting, not eating, rashes, and eye 
problems in their infant over the last 14 days. If respondents answered yes to any 
of these, I asked if and where care was accessed.  
  
   
 






Figure 14 Caption: Amsterdam Stool Chart, with showing stools in diapers with 
Consistency A (Watery) to D (Hard), and colour I (yellow) to VI (pale gray) (From 
Bekkali et al., 2009) 
 Figure 14 Amsterdam Stool Chart 
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Stool Sampling 
I asked a random subset of carers to provide stool samples from their oldest child 
under-five. I gave those respondents who agreed a large container and instructed 
them that their oldest child under five should defecate into it, and that I would 
return the next morning to collect it. I then visited these households the next 
morning to collect the stool. If the household did not provide stool, I asked the 
reason why and if they would be able to provide a sample the next day. If they did 
not agree to provide stool, the household was marked as lost to follow up. Further, 
if the household was not reachable after two days, or did not provide a stool 
sample by Thursday of the week (the last day before the weekend), they were 
marked as lost to follow up. Replacements were sought through the collection of 
additional samples from a top up sample. When a household provided a stool 
sample, it was examined by a trained researcher to determine if it was loose or 
watery, and then transferred the into a specimen container and placed in an ice 
box. Within 8 hours, the stool was frozen to -20C and later transported to Dhaka for 
laboratory analysis. Stool was tested by Enzyme Linked Immunosorbent Assay 
(ELISA) for Calprotectin and Lactoferrin, and by qualitative Polymerase Chain 
Reaction (PCR) for 16 common enteric pathogens using techniques as 
recommended by the Centers for Disease Control96. The pathogens which I 
intended to test for can be found in Table 10.  
Impact of the COVID-19 Pandemic 
As described in the above, we had intended to test the stools for 26 endemic 
pathogens. While fieldwork was completed shortly before the COVID-19 pandemic, 
stool testing was due to begin just before the pandemic. Due to constraints on the 
laboratory resulting from lockdowns, staff illness, and prioritization of laboratory 
equipment for COVID-19 testing, not all pathogens were tested for. In total, we 
tested for 16/25 pathogens (Table 10). I do believe, however, that I have captured 
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the most important pathogens in these 16 – with the exception of Ascaris 
Lumbricoides.  
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Type Species Pathogens Not Tested 
Due to COVID-19 
















Salmonella Species Tested 
Campylobacter Tested 
Shigella  Tested 
Cholera  Tested 
C. difficile Not Tested 
C. perfringens Not Tested 
Acinetobacter Not Tested 







Ascaris lumbricoides Not Tested 
Viruses  Rota-virus  Tested 
Hepatitis A  Not Tested 
Hepatitis E Tested 
Norovirus Tested 
Human Caliciviruses Not Tested 
Adenovirus Tested 
Astrovirus Tested 
Fungi Enterocytozoon Not Tested 
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Statistical Methods 
Sample Size Estimation 
The sample sizes used (400 in the standard survey and 400 in the pictorial survey, 
split evenly between each of the two rounds) provided power to estimate the 
carer-reported diarrhoea rate in each arm (in both rounds combined) to a 95% 
confidence interval of approximately ±4 percentage points, assuming a point 
prevalence of 10%. The subsample providing stool samples (n=120) would provide 
precision to estimate the sensitivity and specificity values to approximately ±9 
percentage points assuming values of 90%. Between the pictorial and standard 
questionnaire, using a 95% confidence interval will allow for a minimum detectable 
difference in reported diarrhoea rates of approximately 8 percentage points.  
Data Analysis 
I summarised the survey data by calculating the means and 95% confidence 
intervals of key demographic variables and risk factors for diarrhoea. These were 
broken down by round, data collection arm, and stool collection status. I similarly 
summarized diarrhoea results from each measure of diarrhoea in each round, with 
95% confidence intervals. I defined ‘having diarrhoea’ for each measure as: 1) 
answering yes to the standard survey; 2) stating diarrhoea types A or B on the 
pictorial survey; 3) having faecal calprotectin level over 50ug/g and/or a faecal 
lactoferrin level over 7.25ug/g for protein measurements50, 51; or 4) stool visually 
being loose or watery for visual confirmation. I summarized results of the stool 
tests for enteric infection, broken down by survey type, round, and diarrhoea status 
– with 95% confidence intervals calculated. I additionally calculated overall rates of 
each enteric infection in each round as well as rates of having at least one enteric 
infection, referred to as “any infection”, weighted by data collection arm and 
diarrhoea status.  
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I calculated the sensitivities and specificities for each of the four measures of 
diarrhoea as proxy markers of enteric pathogens being detected in stool. I did not 
calculate positive predictive value (PPV) and negative predictive value (NPV) as I 
artificially manipulated the underlying diarrhoea rate in the sample through the 
50/50 sampling design. As such, estimates of PPV and NPV would be misleading. 
The ‘gold standard’ measure used was PCR detected infection (described above), 
compared against the proxy reporting ‘having diarrhoea’ as defined above. For each 
I could then determine the proportion of proxy marker results that are true positive 
(infectious stools with diarrhoea), false positive (non-infectious stools with 
diarrhoea), true negative (non-infectious stools without diarrhoea), and false 
negative (infectious stools without diarrhoea). These are presented in Table 11. 
Table 11 also presents the calculations I performed to calculate sensitivity and 
specificity (using the diagt function in StataSE Version 15). The same function also 
estimated standard errors and 95% confidence intervals97. These diagnostic 
performance indicators were calculated for infection as a whole (the gold standard 
being PCR detected any infection), and for specific categories of infection (e.g. PCR 
detected any bacterial infection). I additionally plotted the sensitivities and 
specificities of the aforementioned markers of any enteric infection on a ROC space 
plot. Finally, the agreements between the different measures for diarrhoea were 
determined through computation of their kappa values, along with expected and 
observed agreements. 
Interpretation of Proxy marker Performance Indicators 
Sensitivity is the probability of the proxy marker reporting the patient ‘having 
diarrhoea’ when the patient has an infection: for example, if 90% of children with 
an enteric infection ‘had diarrhoea’, the proxy marker would have a 90% sensitivity. 
Specificity is the opposite, the probability of the proxy marker reporting ‘not having 
diarrhoea’ when the patient does not have an infection: if 90% of children without 
an enteric infection did not ‘have diarrhoea’, the proxy marker would have a 90% 
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specificity. A proxy marker which tends to overestimate infection rates would likely 
have a high sensitivity and low specificity, with the opposite true for a proxy marker 
which would estimate lower levels of diarrhoea. When using the proxy markers of 
enteric infection to measure the relative risk of enteric infection during trials of 
WASH interventions, low specificities (even when equal in the control and 
intervention arms) would bias results towards the null, regardless of any true 
intervention effect81.  
Table 11 Calculations of Sensitivity, Specificity, PPV, and NPV 
 Enteric Infection 
Present 















• No Diarrhoea 
• Non-Infectious 
Stools 
• No Diarrhoea 
All No Diarrhoea 
Stools 
Column Total All Infectious Stools All Non-Infectious Stools  
Sensitivity=Infectious Diarrhoea Stools/All Infectious Stools 
Specificity=Non-Infectious Non-Diarrhoea Stools/All Non-Infectious Stools 
 
Ethics 
Ethics was granted by the University of Warwick Biomedical Science Research Ethics 
Committee in the United Kingdom (REGO-2019-2345) and by the ICDDR,B Ethical 
Review Committee in Bangladesh (PR-19027). The study was also approved by the 
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Refugee Relief and Repatriation Commission, Government of Bangladesh (Letter 
789) and Camp 24 authorities.  
Full written consent was obtained, with a full data management and data collection 
plan in place. No identifiable data were shared with government authorities, UN 
agencies, or NGOs. Any participants who showed signs of dehydration or 
malnutrition were referred to a local clinic for treatment; and any safeguarding 
concerns were reported to the ICDDR,B head of mission for escalation as 
appropriate. No compensation was offered. The study was registered on ISCRTN 
during its inception, and updated as necessary (ISRCTN41564300). 
  
   
 




Figure 15 shows the participant flow chart. In round one, represented by the first 
column of the flow chart, I approached 423 households. These included 368 eligible 
households. All but four of these eligible households consented to take part in the 
study, of which 348 completed the survey (172 completing the standard survey, 
and 176 completing the pictorial survey). The sixteen that did not complete the 
study either withdrew consent during data collection, or had to leave during data 
collection (e.g. to collect water). I asked 78 of the households that completed the 
study to provide a stool sample and 56 households did so (25 in the standard arm, 
and 31 in the pictorial arm).  
In round two, I approached 375 households. These included 372 eligible 
households. All eligible households consented to take part in the study, of which 
369 completed the survey (198 in the standard arm and 171 in the pictorial arm). 
The five which withdrew, as in round one, either withdrew consent during data 
collection or had to leave for another reason. I asked 104 of these households to 
provide stool samples, of which 63 provided samples (32 in the standard arm and 
31 in the pictorial arm).  
Due to civil unrest in round one and Cyclone Bulbul in round two, I concluded data 
collection early in both rounds. This resulted in a shortfall of 52 surveys completed 
(348/400) and 4 stool samples collected (56/60) in the first round, and 31 surveys 
completed (369/400) in the second round. Sixty-three planned stool samples were 


















29 Asked to provide a stool 
sam
ple
25 Provided a stool sam




49 Asked to provide a stool 
sam
ple
31 Provided a stool sam
ple









57 Asked to provide a stool 
sam
ple
32 Provided a stool sam




47 Asked to provide a stool 
sam
ple
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Summary Statistics 
Table 12 presents the summary statistics of the sample, broken down by key 
demographic variables and risk factors for diarrhoea. Demographic and WASH 
characteristics appear to be similar between survey arms and stool collection 
groups within rounds. For example, in round one around 90% of respondents in all 
arms were female. In all arms close to 100% of respondents reported obtaining 
water from a tap. A majority in all arms in both rounds also reported storing water 
in a closed container. While the proportion of those who treated their water 
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Table 12 Caption: Percentages and 95%
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Diarrhoea Rates for Each Proxy marker 
Table 13 reports the diarrhoea rate estimated using data from each measure of 
diarrhoea. In round one, 37% [95%CI:30, 46] of participants in the standard survey 
reported diarrhoea, 61% [54, 68] of participants in the pictorial survey reported 
diarrhoea, 100% [94, 100] of stools had elevated levels of calprotectin (>7.25ug/g) 
or lactoferrin (>50ug/g) (or both), and 48% [34, 62] of stools were visually loose or 
watery. Similarly, estimated diarrhoea rates in the second round varied by 
measurement method, with the standard survey participants again reporting higher 
rates than those in the pictorial survey.  
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Table 13 Diarrhoea Rates Reported by Each Measure of Diarrhoea 
 
Round One Round Two 
Standard Survey  37 [30, 46]  26.9 [21, 34]  
Pictorial Survey  61 [54, 68] 60 [52, 67] 
Protein Marker  100 [94, 100] 57.8 [45, 70] 
Visual Analysis  48 [34, 62] 51.5 [39, 64] 
Table 13 Caption: Percentages and 95% Confidence Intervals of Each Measure of 
Diarrhoea Across Rounds: %[95%CI] 
  
 




Table 14 reports the infection rates of the different enteric pathogens – broken 
down by round, survey arm, and reported diarrhoea status. Overall, 64% [51, 77] of 
stools had at least one enteric pathogen detected in round one (wet period) 
and 79% [68, 89] had at least one enteric pathogen detected in round two (dry 
period). Bacterial pathogens were detected more often in round one (where 42% 
[28, 55] of stools had at least one bacterial pathogen) than round two (19% [9, 29]). 
On the contrary, viral pathogens were detected more often in round two (70% [58, 
82]) than round one (38% [25, 51]). Enterotoxigenic E. Coli was the most common 
bacteria detected in both rounds, and Adenovirus was the most common virus 
detected in both rounds. Giardia was detected in 5% [0, 10] of stools in round one, 
and 8% [0, 15] of stools in round two. 
Rates of enteric pathogen detection, both as a whole and for individual pathogens, 









 Table 14 a and b Detection Rates of enteric pathogens detected in stool, broken dow
n by round, survey arm





















Enteropathogenic Escherichia Coli  
23.1 [0.0, 49.5] 
33.3 [2.0, 64.6] 
0.0 [0.0, 3.3] 
11.7 [0.0, 28.8] 
15.4 [0.1, 0.3] 
Enterotoxigenic Escherichia Coli  
23.1 [0.0, 49.5] 
16.7 [0.0, 41.3] 
35.7 [7.0, 64.4] 
17.6 [0.0, 37.8] 
22.8 [11.6, 34.0] 
Shiga Toxin Producing  Escherichia Coli  
0.0 [0.0, 3.3] 
0.0 [0.0, 3.4] 
0.0 [0.0, 3.3] 
0.0 [0.0, 3.1] 
0 [0.0, 2.7] 
Cam
pylobacter 
0.0 [0.0, 3.3] 
0.0 [0.0, 3.4] 
7.1 [0.0, 22.6] 
11.7 [0.0, 28.8] 
5.4 [0.0, 11.4] 
Salm
onella  
0.0 [0.0, 3.3] 
16.7 [0.0, 41.4] 
14.2 [0.0, 35.2] 
0.0 [0.0, 3.1] 
6.4 [0.0, 12.5] 
Shigella  
0.0 [0.0, 3.3] 
0.0 [0.0, 3.4] 
7.1 [0.0, 22.6] 
0.0 [0.0, 3.1] 
1.66 [0.0, 4.9] 
Cholera  
0.0 [0.0, 3.3] 
0.0 [0.0, 3.4] 
0.0 [0.0, 3.3] 
0.0 [0.0, 3.1] 
0 [0.0, 2.7] 
A
ny Bacteria 
46.2 [14.7, 77.5] 
50 [16.8, 83.1] 
50.0 [20.0, 80.0] 
29.4 [5.3, 53.6] 
41.6 [28.4, 54.8] 
Protozoa  
Entam
oeba histolytica  
0.0 [0.0, 3.3] 
0.0 [0.0, 3.4] 
0.0 [0.0, 3.3] 
0.0 [0.0, 3.1] 








0.0 [0.0, 3.3] 
0.0 [0.0, 3.4] 
0.0 [0.0, 3.3] 
0.0 [0.0, 3.1] 
0 [0.0, 2.7] 
G
iardia 
0.0 [0.0, 3.3] 
8.3 [0.0, 26.7] 
14.2 [0.0, 35.3] 
0.0 [0.0, 3.1] 
4. 8 [0.0, 10.3] 
A
ny Protozoa  
0.0 [0.0, 3.3] 
8.3 [0.0, 26.7] 
14.2 [0.0, 35.3] 
0.0 [0.0, 3.1] 





0.0 [0.0, 3.3] 
0.0 [0.0, 3.4] 
0.0 [0.0, 3.3] 
0.0 [0.0, 3.1] 
0 [0.0, 2.7] 
Sapovirus  
0.0 [0.0, 3.3] 
8.3 [0.0, 26.7] 
7.1 [0.0, 22.6] 
5.9 [0.0, 18.4] 
5.4 [0.0, 11.4] 
H
epatitis E  
0.0 [0.0, 3.3] 
0.0 [0.0, 3.4] 
0.0 [0.0, 3.3] 
0.0 [0.0, 3.1] 
0 [0.0, 2.7] 
A
denovirus  
38.4 [7.9, 69.1] 
16.7 [0.0, 41.4] 
21.4 [0, 46.0] 
11.8 [0.0, 29.8] 
20.7 [10.0, 31.4] 
A
strovirus 
0.0 [0.0, 3.3] 
0.0 [0.0, 3.4] 
0.0 [0.0, 3.3] 
0.0 [0.0, 3.1] 
0 [0.0, 2.7] 
N
orovirus  
15.3 [0.0, 38.1] 
25 [0.0, 53.7] 
28.6 [1.5, 55.6] 
5.9 [0.0, 18.4] 




38.4 [7.9, 69.1] 
41.6 [8.9, 74.4] 
57.1 [27.5, 86.8] 
23.5 [1.0, 46.0] 
37.9 [25.0, 50.8] 
A
ny Infection 
69.2 [40.2, 98.3] 
75.0 [46.3, 100] 
78.5 [54.0, 100] 
47.1 [20.6, 73.5] 



























Enteropathogenic Escherichia Coli  
0.0 [0.0, 3.0] 
0.0 [0.0, 3.3] 
16.7 [0, 35.7] 
0.0 [0.0, 3.3] 
5.0 [0.0, 10.1] 
Enterotoxigenic Escherichia Coli  
15.8 [0.0, 33.8] 
7.7 [0.0, 24.5] 
11.1 [0, 27.1] 
7.7 [0.0, 24.5] 
11.6 [3.3, 19.8]  
Shiga Toxin Producing  Escherichia Coli  
0.0 [0.0, 3.0] 
7.7 [0.0, 24.5] 
5.6 [0.9, 17.3] 
7.7 [0.0, 24.5] 
4.5 [0.0, 9.7] 
Cam
pylobacter 
0.0 [0.0, 3.0] 
15.3 [0, 38.1] 
5.6 [0.0, 17.3] 
7.7 [0.0, 24.5] 
6.0 [0.0, 12.0] 
Salm
onella  
0.0 [0.0, 3.0] 
7.7 [0.0, 24.5] 
0 [0.0,3.1] 
0.0 [0.0, 3.3] 
1.3 [0.0, 4.0] 
Shigella  
0.0 [0.0, 3.0] 
0.0 [0.0, 3.3] 
5.6 [0.0, 17.3] 
7.7 [0.0, 24.5] 
3.0 [0.0, 7.2] 
Cholera  
0.0 [0.0, 3.0] 
0.0 [0.0, 3.3] 
0 [0.0,3.1] 
7.7 [0.0, 24.5] 
1.3 [0.0, 3.0] 
A
ny Bacteria 
15.8 [0, 33.8] 
15.3 [0, 38.1] 
22.2 [0, 43.5] 
23.1 [0, 49.6] 
18.9 [9.0, 28.8] 
Protozoa  
Entam
oeba histolytica  
0.0 [0.0, 3.0] 
0.0 [0.0, 3.3] 
0 [0.0,3.1] 
0.0 [0.0, 3.3] 







0.0 [0.0, 3.0] 
0.0 [0.0, 3.3] 
0 [0.0,3.1] 
0.0 [0.0, 3.3] 
0.0 [0.0, 2.7] 
G
iardia 
5.3 [0.0, 16.3] 
0.0 [0.0, 3.3] 
11.1 [0.0, 27.2] 
15.3 [0.0, 38.1] 
7.8 [0.0, 14.6] 
A
ny Protozoa  
5.3 [0.0, 16.3] 
0.0 [0.0, 3.3] 
11.1 [0.0, 27.2] 
15.3 [0.0, 38.1] 





31.6 [8.5, 54.6] 
7.7 [0.0, 24.5] 
33.3 [9.2, 57.5] 
7.7 [0.0, 24.5] 
23.8 [12.8, 34.7] 
Sapovirus  
0.0 [0.0, 3.0] 
0.0 [0.0, 3.3] 
0 [0.0,3.1] 
0.0 [0.0, 3.3] 
0.0 [0.0, 2.7] 
H
epatitis E  
0.0 [0.0, 3.0] 
0.0 [0.0, 3.3] 
0 [0.0,3.1] 
0.0 [0.0, 3.3] 
0.0 [0.0, 2.7] 
A
denovirus  
42.1 [17.7, 66.6] 
53.8 [33.5, 85.2] 
44.4 [19.0, 69.9] 
61.5 [30.9, 92.1] 
48.2 [35.6, 60.9] 
A
strovirus 
0.0 [0.0, 3.0] 
0.0 [0.0, 3.3] 
0 [0.0,3.1] 
0.0 [0.0, 3.3] 
0.0 [0.0, 2.7] 
N
orovirus  
31.6 [8.5, 54.6] 
30.7 [1.7, 59.8] 
22.2 [0, 43.5] 
7.7 [0.0, 24.5] 




68.4 [45.4, 91.4] 
69.2 [40.2, 98.3] 
72.2 [49.3, 95.1] 
69.2 [40.2, 98.3] 
69.83 [58.2, 81.5] 
A
ny Infection 
73.7 [51.9, 95.5] 
76.9 [50.4, 100] 
77.8 [56.5, 99.1] 
92.3 [75.6, 100] 
 78.7 [68.3, 89.2] 
 Table 14 a and b Caption: Detection rates of enteric pathogens detected in stool sam
ples collected by PCR, broken dow
n by round, study arm
, 
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Diagnostic Performance Indicators 
Table 15 and figure 16 present the sensitivities and specificities of each measure of 
diarrhoea as a proxy marker of enteric pathogens being detected in stool. When 
looking at the presence of at least one enteric pathogen in the stool, proteins had 
the highest sensitivity, 0.73 [0.61, 0.82]. This indicates that 73% of those with at 
least one enteric pathogens detected in their stool had a positive test (in this case, 
elevated protein levels). This compares to sensitivities of 0.49 [0.32, 0.66] for the 
standard survey, 0.40 [0.25, 0.57] for the pictorial survey, and 0.46 [0.34, 0.57] for 
visual confirmation. There was little evidence of differences in sensitivity across the 
four proxy markers when broken down by pathogen type.  
Regarding specificity of the proxy markers as markers of at least one enteric 
pathogen being detected in stool, proteins had the lowest, 0.18 [0.07, 0.31]. This 
indicates that 18% of those without at least one enteric pathogen in their stool had 
a negative test (in this case, normal protein levels). This compares to specificities of 
0.65 [0.41, 0.85] for the standard survey, 0.36 [0.17, 0.59] for the pictorial survey, 
and 0.43 [0.27, 0.59] for visual confirmation. Again, There was little evidence of 
differences in specificities when breaking down by pathogen type. Overall, I also 
see a trade-off between sensitivity and specificity. This is represented by the 45 





 Table 15 Perform
ance of Diarrhoea M
easurem
ent M










0.49 [0.32, 0.66] 
0.40 [0.25, 0.57] 
0.46 [0.34, 0.57] 
0.73 [0.61, 0.82] 
Specificity  
0.65 [0.41, 0.85] 
0.36 [0.17, 0.59] 
0.43 [0.27, 0.59] 
0.18 [0.07, 0.31] 
Bacteria 
Sensitivity  
0.48 [0.23, 0.72] 
0.42 [0.20, 0.66] 
0.56 [0.38, 0.73] 
0.84 [0.68, 0.94] 
Specificity  
0.56 [0.41, 0.73] 
0.49 [0.33, 0.65] 
0.53 [0.42, 0.64] 
0.28 [0.18, 0.38] 
Virus 
Sensitivity  
0.45 [0.27, 0.64] 
0.44 [0.27, 0.62] 
0.51 [0.38, 0.63] 
0.72 [0.60, 0.83] 
Specificity  
0.56 [0.35, 0.76] 
0.45 [0.33, 0.58] 
0.51 [0.37, 0.65] 
0.18 [0.08, 0.30] 
Protozoa 
Sensitivity  
0.50 [0.01, 0.99] 
0.33 [0.04, 0.78] 
0.50 [0.16, 0.84] 
0.75 [0.35, 0.97] 
Specificity  
0.56 [0.41, 0.69] 
0.46 [0.32, 0.59] 
0.50 [0.40, 0.60] 
0.23 [0.15, 0.32] 
Table 15 Caption: Diagnostic Perform
ance Indicators [w
ith 95%
Cis] of each diarrhoea m
easure as a proxy m
arker of enteric infection 
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Figure 16 Caption: An ROC Space Plot showing the sensitivities and specificities of 
all four diarrhoea measurement methods as proxy markers of at least one enteric 
pathogen being present in stool. The 45 degree line represents the trade off 
between sensitivity and specificity, where along the line the proxy marker gives a 
50% chance of obtaining the correct classification, with points towards the top left 
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Measures of Agreement 
Table 16 presents the agreement between the different proxy markers as measures 
of diarrhoea. No pairwise combination of the four proxy markers showed good 
agreement. For all pairwise combinations, the expected agreements (agreement 
expected by chance alone) were similar to the observed agreements98. This is 
supported by my estimates of kappa values – the relationship between observed 
and expected agreements. Negative or close to zero kappa values indicate no 
agreement, with values  between 0 and 0.20 indicating only slight agreement 98. All 
of my kappa value estimates are under 0.20, with most being negative. 
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Table 16 Measures of Agreement of the Different Proxy markers 




Visual v Standard Survey 0.14 (0.14) 55.8 48.7 
Protein v Standard Survey 0.02 (0.43) 48.2 47.3 
Visual v Pictorial Survey -0.12 (0.83) 44.3 50.2 
Protein v Pictorial Survey -0.05 (0.67) 46.8 69.1 
Visual v Protein -0.10 (0.89) 45.2 50.2 
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4.5.Discussion  
My results indicate that in Cox’s Bazar, diarrhoea, measured by any of my four 
different methods (standard, pictorial, visual, and protein), misclassifies diarrhoea 
when used as a proxy marker. This is also likely the case in environments similar to 
Cox’s Bazar, in terms of both the epidemiology of enteric pathogens and possibly 
human behaviour. In fact, given that for each proxy marker Sensitivity+Specificity is 
approximately equal to 1, measuring diarrhoea by any of these methods is no 
better a proxy marker of enteric infection than flipping a coin (if this was higher 
than one, it would be a better proxy marker than flipping a coin, and if lower than 1 
a worse proxy marker)81. I further found that there was little to no agreement 
between the four methods of diarrhoea measurement. This indicates that 
estimates of diarrhoea differ by the methods used – supporting findings in chapters 
Two and Three. 
Impact on WASH Trials 
Most WASH trials to date have used carer-reported diarrhoea as their main 
endpoint. While it is important to acknowledge that WASH interventions aim to 
reduce the burden of diarrhoea, they do not aim to reduce the burden of all types 
of diarrhoea. By forming a barrier between pathogens in the environment and 
susceptible people, WASH interventions work to reduce the transmission of 
diarrhoea causing enteric pathogens, and thus pathogenic-diarrhoea. Diarrhoea has 
causes other than enteric-infection though, such as nutritional intolerances, 
adverse drug reactions, non-enteric infections, and chronic bowl problems such as 
tropical sprue40, 99-101. WASH interventions cannot be reasonably expected to 
reduce the burden of diarrhoea caused by these (with perhaps the exception of 
tropical sprue in the long run). Further, there should be an interest in asymptomatic 
enteric infection. Even though asymptomatic enteric infections may not expressly 
cause disease and death, it has still been associated with stunting39. Further, those 
with an asymptomatic infection may pass on infection to somebody who may 
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experience severe morbidity or mortality. The use of diarrhoea as the main 
endpoint rather than infection precludes the measurement of these cases.  
Misclassification error when using diarrhoea as a proxy marker of enteric infections 
in WASH trials may explain the null findings found in many WASH trials, rather than 
true intervention ineffectiveness. Two of the three recent large scale WASH trials 
(the two WASH Benefits and one SHINE trial), which used carer reported diarrhoea 
with a seven day recall as their endpoint, reported null results78-80. Misclassification 
error resulting in null intervention effects, despite there being a true intervention 
effect, can be illustrated quantitatively. I will look at Null et al.’s (2018) WASH 
Benefits trial in rural Bangladesh80. The WASH Benefits trial in Bangladesh was one 
of the largest integrated WASH trials in history, enrolling 8246 households in 702 
clusters80. The WASH Benefits trial in Bangladesh concluded that the combined 
intervention did not impact carer-reported diarrhoea rates (Adjusted Prevalence 
Difference=0.7% [95%CI:-2.4, 3.7]). Greenland (1996) showed that misclassification 
error in the measurement of dichotomous outcome variables (such as the 
misclassification of infection by using diarrhoea), particularly when this 
misclassification error results in poor specificity, biases estimated intervention 
effects towards the null even when misclassification is equal in the control and 
intervention arms81. I demonstrate graphically the impact that varying sensitivities 
and specificities can have on reported infection relative risks when using a proxy 
marker, such as diarrhoea (Fig. 17). If the intervention had a true relative risk of 
enteric infection of 0.5, the intervention halving the risk of enteric infection, but 
used a proxy marker with sensitivities and specificities of around 50% (as I observed 
in Cox’s Bazar), the relative risk estimated would be around 1 – a null intervention 
effect, as was seen in the trial.  
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Figure 17 Caption: Relationship between outcome classification error and the 
expected value of the crude relative risk estimator. The prevalence of infection in 
the infection and control groups are 20% and 10%, respectively, so the true relative 
risk is 0.5.  
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Impact on Surveillance Activities 
In addition to possibly causing bias in the results of WASH trials, diarrhoea being a 
poor proxy marker of infection may bias results from surveillance programs. These 
programs aim to understand where infection lies to deploy interventions (such as 
water or hygiene systems) and detect outbreaks of enteric infection. However, the 
impacts of sensitivity and specificity vary depending on underlying infection 
prevalence. In high prevalence environments, such as Cox’s Bazar, sensitivity has a 
more dramatic impact on reported rates than specificity (Fig. 18). Generally, 
misclassification in high prevalence environments shifts estimates of prevalence 
down102. As most people have an infection, there are less non-infectious cases to 
rule out. However, there are more infectious cases to include. In an area like Cox’s 
Bazar with high levels of infection prevalence the sensitivity of proxy markers 
should be prioritised. This means that the measurement of proteins as a proxy 
marker of infection may be suitable (at least for infection surveillance, not WASH 
trials). However, in low prevalence environments, such as London, specificity is far 
more important, with misclassification reporting in inflated estimates (Fig. 18)102. In 




 Figure 18 The Im
pact of Sensitivity and Specificity on Reported Disease Rates 
  Figure 18 Caption: Relationship betw
een outcom
e classification error and the expected prevalence: a (left): A true prevalence of 80%
; b (right): 
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Sources of Misclassification 
Non-Pathogenic Diarrhoea Resulting in Decreased Specificity 
There are multiple reasons why a child without an enteric infection may have 
diarrhoea. Nutritional intolerances can cause diarrhoea, with common intolerances 
including those to certain sugars and proteins99. Certain clinical treatments and 
medications can also increase the risk of diarrhoea, with up to a quarter of under-
fives on some antibiotics having diarrhoea100. Health conditions that are not 
expressly to do with the gut can also be associated with diarrhoea, such as HIV, in 
which around a third of those afflicted have non-infectious diarrhoea due to 
associated enteropathy40. Finally, chronic bowel problems, such as tropical sprue, 
can result in diarrhoea regardless of infection101. However, I do not think that these 
factors explain more than a small proportion of the lack of agreement observed 
here, as most children in Cox’s Bazar do have some form of enteric infection. In a 
low prevalence environment, however, these factors would be of more importance. 
As they impact specificity, they are also important in WASH trials. 
Asymptomatic Infections Resulting in Decreased Sensitivity 
My results support past work that has found high degrees of asymptomatic 
infection. Okitsu et al. (2020) found that 80% of healthy children in rural 
Bangladesh have some enteric infection38. Oberhelman et al. (2001) similarly 
reported that rates of Salmonella infection were higher than carer-reported 
diarrhoea rates, indicating a degree of asymptomatic infection103. Prado et al. 
(2005) also obtained similar results for Giardia104. I suspect that asymptomatic 
infection is a major source of misclassification in high prevalence environments 
such as Cox’s Bazar.  
Poor reliability  
With respect to the three visual inspection based methods (standard question, 
stool chart and third party inspection) I think another mechanism is in play – the 
unreliability of human adjudication. The clue to this explanation lies in the literature 
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and in the data from this study. I have demonstrated in this study that there is little 
to no agreement between the different methods. In my systematic review, I also 
found that diarrhoea measurement methods are highly sensitive to their methods, 
and may even be reactive to being observed or taking part in an interventional trial 
(Chapter Two). This undoubtably also results in misclassification – at least for the 
standard and pictorial methods where carers are questioned. 
Limitations 
My study has several limitations. First, despite my extensive panel, I may have 
omitted some endemic diarrhoea causing pathogens (perhaps some yet to be 
discovered). If survey diarrhoea rates were more sensitive predictors of these 
omitted organisms than of those included, then this would somewhat improve the 
low sensitivities and specificities observed here. Second, I did not quantify the 
amount of pathogen present. WASH interventions may reduce the load of 
infectious agents in an infected child as well as the proportion of children who are 
infected at all. Third, I did not analyze the prevalence of co-infection which might 
also be reduced by WASH interventions. Fourth, the number of stool analyses is 
small, though my results suggest low test accuracy even at the limits of the 95% 
confidence interval. Fifth, my study was done in one center only and hence should 
be replicated (though we find it hard to see why the results should not apply in 
similar settings). Sixth, I deliberately manipulated the sampling so that we would 
have equal numbers of samples from participants with and without reported 
diarrhoea, thereby biasing prevalence and vitiating direct measurement of 
predictive values. That said, my estimates of sensitivity and specificity could be 
applied to populations of known prevalence under the assumption of 
independence of these parameter types. Against these limitations our study has 
strengths in terms of multiple measures of diarrhoea rates and use of ‘gold 
standard’ PCR testing following internationally recognized standards. 
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Conclusion 
I have empirically demonstrated that diarrhoea, measured through any means, is 
not a good proxy marker of enteric infection, at least in Cox’s Bazar and other 
similar environments. It is likely that this problem is more acute and impactful in 
environments with high a prevalence of enteric infection, and less so (but still 
important) in environments with a lower prevalence. It is also important to stress 
that my findings apply to active surveillance and not to cases that present clinically 
in health facilities. Clinical cases make up only 2% of cases detected by active 
surveillance27, 28. This means that my findings are silent on clinical cases. It is often 
stated that sensitivity and specificity, unlike predictive values, are not affected by 
prevalence. But this only holds true when sensitivity does not change in line with 
prevalence. In the case of diarrhoea there is almost certainly a correlation between 
prevalence and sensitivity – at the limit, people with dysentery or rice water stools 
will almost certainly have a micro-biological cause; hence my strong caution against 
extrapolating my findings to the clinic.  
Traditional means of mass stool testing for active surveillance, such as polymerase 
chain reaction (PCR), can be cost and resource prohibitive in many settings. 
However, there are several alternative methods. Samples can be pooled to cut 
down on the number of tests needed, particularly for low-prevalence infections. 
Recent work has also shown the utility of testing of faecal sludge instead of stool 
samples, in essence a type of sample pooling which also cuts down on sample 
collection difficulties. Further, the use of rapid diagnostic tests (RDTs) can be used 
in lieu of PCR, cutting down on the cost of shipment, processing, and personnel; 
and allowing for use in low resource settings. It is important to note however that 
RDTs, and other tests that are not the ‘PCR gold standard’ also suffer from 
sensitivity and sensitivity issues as measures of infection (albeit at a much lower 
level than diarrhoea). The WHO recommends that RDTs for Cholera, for example, 
should have a minimum sensitivity of 90% and a minimum sensitivity of 85%15. This 
may still result in biased intervention effects and prevalence (especially in low 
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prevalence areas), however unbiased estimates can be obtained with appropriate 
statistical modelling, which is much easier when the sensitivity and specificity are 
known. In the next chapter, I discuss how results from stool testing can be used in 
public health programming. 
 







5. Uses of Enteric Infection Surveillance: Prevalence and 
the Spatio-Temporal Distribution of Common Enteric 
Pathogens in the Cox’s Bazar Forcibly Displaced 
Myanmar Nationals Camp: A Cross-Sectional 
Observational Study 
 




Diarrhoea, commonly caused by enteric infections, is a significant cause of under-five 
morbidity and mortality in refugee camps. Knowledge on which enteric pathogens are 
most prevalent and their spatio-temporal distribution is needed deploy interventions 
to combat their spread. Using data collected from Chapter Four, explored these in a 
portion of the Cox’s Bazar FDMN Camp Complex through a retrospective analysis. 
Methods 
I collected 120 stool samples, split evenly between the wet and dry season, in the Leda 
Makeshift Camp area of Cox’s Bazar, an approximately 1km2 area with a population of 
around 14,000 as described in Chapter Four. Stool samples were tested for 16 enteric 
pathogens and two proteins associated with enteric infection. I estimated the 
prevalence of common pathogens in each season, and analysed their spatio-temporal 
distribution. I also analysed the relationship between household distance from latrines 
and water taps and infection, as this may be an important factor in their spatial 
distribution. 
Results 
The most common pathogens found were Enterotoxigenic Escheria Coli (23% 
[95%CI:12, 34] point prevalence in the wet season, 12% [3, 20] in the dry); 
Enteropathogenic Escheria Coli (16% [0, 0] in the wet, 5% [0, 10] in the dry); Rotavirus 
(0% in the wet, 23% [13, 35] in the dry); Adenovirus (21% [10, 31] in the wet, 48% [36, 
61] in the dry); and Norovirus (16% [7, 26] in the wet, 25% [14, 36] in the dry). Viral 
infections were 8 [23, 7] percentage points (pp) less common in the wet season than 
dry, and bacterial infections were 23 [17, 39] pp more common in the wet season than 
dry. I found no evidence that infections were clustered spatially or temporally within 
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the study site. There was additionally no evidence of a relationship between household 
distance from water sources and latrines and most enteric pathogens.  
Implications 
The pathogens found in the FDMN community living in the Leda Makeshift Camp area 
of Cox’s Bazar are similar to those found previously in the wider Bangladeshi 
community. On the small scale of my study area, there is little evidence in 
heterogeneity in infection risk – suggesting common exposure to sources of infection. 
Infection control policy and program should be consistent in these small areas, and 
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5.2.Introduction 
Diarrhoea accounted for 7% of all under-five deaths in United Nations High 
Commissioner for Refugees (UNHCR) registered refugee camps between 2006 and 
2010105. Children in refugee camps are at increased risk of diarrhoea given the ease at 
which diarrhoea causing enteric pathogens spread in these environments, due to 
dense populations, insufficient water and sanitation infrastructure, and poor 
hygiene106. To combat the spread of enteric pathogens, camp authorities often 
implement WASH interventions, as well as clinical interventions such as vaccination, 
nutritional supplementation, and treatment once symptomatic.  
As discussed in Chapter Four, it is important to look at infection, not disease, when 
evaluating trials and performing disease surveillance. Additionally, as different 
pathogens have different control techniques, knowledge on which enteric pathogens 
are endemic in refugee camps allows for targeted, pathogen specific interventions to 
prevent spread. For example, the control of soil-transmitted helminths relies primarily 
on deworming programs and the prevention of geophagy107. These interventions, 
however, would likely have little impact on cholera, where vaccination programs and 
the provision of safe water are the best solutions108. Knowledge on which enteric 
pathogens are present, as well as their epidemiology, generally does not exist in 
refugee camps – only in host communities. While it is possible that host communities 
may have similar enteric pathogen profiles to refugee camps, that is unclear and has 
not been researched. The global enteric multicentre (GEMS) study, for example, 
identified Rotavirus, Cryptosporidium, Enterotoxigenic Escheria. Coli, Shigella, 
Adenovirus, Salmonella, and Campylobacter as some of the most prevalent enteric 
infections in parts of Bangladesh, but did not include refugees in their sample, despite 
Bangladesh being home to over 1 million refugees48. 
 
 145  
 
Similarly, no studies have examined the spatio-temporal distribution of enteric 
pathogens in refugee camps – with studies to date only measuring the spatio-temporal 
distribution of diarrhoea105. In addition to diarrhoea being a poor marker of enteric 
infection, as described in Chapter Four, looking at diarrhoea alone precludes 
knowledge on which pathogens are causing the diarrhoea. While other studies have 
made inferences on the spatio-temporal distribution of enteric pathogens outside of 
refugee camps – including an increased risk of bacterial infection in the rainy season, 
and an increased risk of viral infection in the dry season, it is unclear how generalisable 
these findings are, particularly to a refugee camp setting, due to differences in the 
population, environment, and overall socioeconomic context109. However, knowing the 
epidemiology of enteric pathogens in refugee camps, particularly the pathogens 
present and their spatio-temporal distribution, enables program and policymakers to 
be able to better design and deploy interventions to control pathogens.  
Using data collected in Chapter Four, I performed an exploratory retrospective analysis 
to examine the prevalence and spatio-temporal distribution of 16 common enteric 
pathogens among children under-five years in the Leda Makeshift Camp area of the 
Cox’s Bazar Forcibly Displaced Myanmar Nationals (FDMN) Camp in Bangladesh. I also 
examined the same for calprotectin and lactoferrin, two proteins associated with 
enteric infections. By examining for calprotectin and lactoferrin, we can see not only 
where infection currently lies, but may have lied in the recent past. Calprotectin and 
lactoferrin are associated with recent bacterial infection, as well as persistent 
infections which result in environmental enteropathy50, 51.  Understanding the 
limitations introduced by using pre-existing data, the objectives were to document: (1) 
the causes of enteric infection in the camp; (2) levels of calprotectin and lactoferrin 
(proteins that are associated with enteric infections)50, 51; and (3) the temporal and 
spatial distribution of enteric pathogens and elevated protein levels in the camp (with 
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particular regard to household distance from latrines and water taps, and use of WASH 
interventions).  
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5.3.Methods  
Study Design  
The design and data collection for this study has been previously described in Chapter 
Four Section 3 (Methods). I aimed to recruit 800 participants, split equally between 
two rounds: round one in the wet season (July/August 2019), and round two in the dry 
season (November/December 2019). I randomised the participants equally into two 
arms of data collection, with each arm differing by how questions about were asked to 
carers. Stool was collected from random subset, split equally between data collection 
arm, diarrhoea status, and season. Stools were tested for 16 endemic pathogens (see 
Chapter Four for methods and a list of pathogens). I also tested stools for two proteins 
associated with bacterial enteric infection (lactoferrin and calprotectin), as this 
captures pathogens which I may not have tested for, particularly bacteria50, 51. For this 
study, I included only the observations from which I had collected stool samples. 
Data Analysis 
I described the means and 95% confidence intervals of key demographic variables and 
indicators of WASH system usage, as well as the prevalence of pathogens and elevated 
protein levels (defined as a faecal calprotectin level over 50ug/g and/or a faecal 
lactoferrin level over 7.25ug/g), broken down by rainy or dry season50, 51. I also 
estimated the differences in prevalence between seasons for each pathogen and 
elevated protein levels (with 95% confidence intervals). To determine if there was 
clustering by weeks within seasons, I graphically plotted rates of each pathogen and 
elevated protein levels against week, with 95% confidence intervals. Using an ANOVA 
analysis, I also compared differences in these rates between weeks with the null 
hypothesis of no difference between weeks within rounds against the alternative that 
at least one week had a different prevalence.  
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I plotted on a map of the camp the geolocation and infection status of each stool for 
the most common enteric pathogens, as well as if the stool had elevated calprotectin 
levels, by survey week. To examine/explore clustering within seasons I calculated 
Moran’s I statistic, a measure of spatial correlation which determines how similar 
neighbouring observations are compared to non-neighbouring observations110. 
Considering that the furthest point between any two observations was 0.5KM, I 
defined neighbouring observations as observations that were within as 0.1KM of each 
other, otherwise known as the threshold distance. This ensured that every observation 
had at least five neighbours, without every other observation being a neighbour. I also 
plotted the relationship between household distance from latrines and water taps and 
infection using a fractional polynomial plot with 95% confidence intervals.  
All analyses were conducted with StataSE Version 15 and R 4.0.2.  As stool samples 
were collected at a 1:1 ratio with regards to diarrhoea status, all sample statistics were 
weighted back to the proportions of cases with and without diarrhoea in the larger 
random sample. As I made use of pre-existing data without many variables of interest 
and a low sample size, I was unable to perform adjusted multivariable analyses. 
Ethics 
Ethical permission was granted by the University of Warwick Biomedical Science 
Research Ethics Committee (REGO-2019-2345) and by the ICDDR,B Ethical Review 
Committee (PR-19027). The study was also approved by the Refugee Relief and 
Repatriation Commission, Government of Bangladesh (#789) and Camp 24 authorities.  
Full written consent was obtained, with a full data management and data collection 
plan in place. No identifiable data were shared with government authorities, UN 
agencies, or NGOs. No compensation was offered. The study was registered on ISCRTN 
during its inception, and updated as necessary (ISRCTN41564300). 
 




The full recruitment process is described in Chapter Four. In round one (wet season), I 
approached 68 households to provide stool samples, of which 56 provided samples. In 
round two (dry season), 102 households were approached and 63 provided stool 
samples. These households (n=119) form the basis for my analysis, and their 
demographic characteristics are described in Table 17.  
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Table 17 Demographic and WASH Usage Indicators 
  Wet Season (Round 1) Dry Season (Round 2) 
Total Stool Samples Collected n 56 63 
Female Respondents n(%[95%CI]) 56 (100 [94, 100]) 56 (85 [74, 92]) 
Mean Respondent Time in Bangladesh 
months[95%CI] 161 [141, 180] 206 [186, 225] 
Mean Child Age months[95%CI]  30 [26, 35] 31 [27, 35] 
Drinking Water Source   
Piped water to tap 55 (98 [89, 100]) 65 (98 [89, 100]) 
Borehole 0 (0 [0, 3]) 1(2 [0,11]) 
Dug well 0 (0 [0, 3]) 0 (0 [0, 3]) 
Spring 0 (0 [0, 3]) 0 (0 [0, 3]) 
Rain 0 (0 [0, 3]) 0 (0 [0, 3]) 
Cart 1 (2 [0, 11]) 0 (0 [0, 3]) 
Mean Water Wait Time minutes[95%CI]  83 [71, 96] 35  [27,4 3] 
Does something to make water safe 
n(%[95%CI]) 15(27 [17, 40]) 43 (65 [53, 76]) 
Toilet unsafe day n(%[95%CI]) 49(88 [76, 94]) 65 (98 [90, 100]) 
Toilet unsafe dark n(%[95%CI]) 29(52 [39, 65]) 62 (94 [85, 98]) 
How Wash Hands n(%[95%CI]) 
Does not wash hands 0 (0 [0, 3]) 0(0) 
Water alone 9(16 [9,28]) 2 (3 [0, 11]) 
Water and soap 47(84 [72, 91]) 64 (97 [89, 100]) 
Alcohol based hand sanitizer 0 (0 [0, 3]) 0 (0) 
Handwashing at all critical times 
n(%[95%CI]) 53(96 [85, 98]) 51 (77 [66, 86]) 
Water Storage n(%[95%CI]) 
Open bucket 4 (7 [3, 18]) 1 (2 [0, 10]) 
Closed bucket 50 (89 [78, 95]) 61 (92 [83, 97]) 
Bottle 0 (0 [0, 3]) 0 (0 [0, 3]) 
Jerry can 2 (4 [1, 13]) 4 (6 [2, 15]) 
Breastfeeding n(%[95%CI]) 
No 2 (4 [1, 14]) 10 (15 [8, 26]) 
Yes - Partially 10 (18 [10, 30]) 9 (14 [7, 24]) 
Yes - exclusively 44 (78 [66, 87]) 47 (71 [59, 81]) 
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Spatio-temporal distribution of Enteric Infection 
Temporal Distribution 
Table 18 presents the pathogens found in each season. In the wet season, 64.2% 
[95%CI:51.3, 77.3] of stools collected had at least one enteric pathogen detected. This 
compares to 78.7% [68.3, 89.2] in the dry season. 
Detection of bacterial pathogens in stools differed significantly by season: 22.7 [16.5, 
39.2] percentage points (pp) more stools had at least one bacterial pathogen detected 
in the wet season than the dry season. The most common bacterial enteric pathogen 
detected in both seasons was Enterotoxigenic Escherchia Coli (ETEC), with a 22.8% 
[11.6, 34.0] estimated prevalence in the wet season and a 11.6% [3.3, 19.8] estimated 
prevalence in the dry season. Salmonella, Campylobacter, and Enterpathogenic 
Escherchia Coli (EPEC) also varied between seasons in the same manner. Shiga toxin 
producing Escherchia Coli (STEC) was the only bacteria estimated to be more prevalent 
in the dry period than the wet (4.5pp [0, 9.7]). With the exception of EPEC, none of the 
bacteria had significant variations between weeks within seasons. In the wet season, 
60% of stools had EPEC in week 29 compared to none in week 33 (p=0.03) (Fig. 19). 
Detection of viral pathogens also differed significantly by season: 32.0pp [-49.4,-14.5] 
fewer stools had at least one viral infection in the wet season than the dry. The most 
common virus detected in stools in both seasons was adenovirus, which also had a 
lower estimated prevalence in the wet season (20.7% [9.96,31.36]) than the dry season 
(48.2% [35.61,60.87]). Adenovirus was detected in all weeks, with little difference in 
estimated prevalence between weeks within seasons (Fig. 19). Norovirus was also 
widespread, with an estimated prevalence of 16.7% [7.0,26.4] in the wet season and 
24.5% [13.5,35.5] in the dry season. As with adenovirus, there was evidence of 
seasonality, but no evidence of differences in estimated prevalence between weeks 
within seasons (Fig. 19). Rotavirus was only detected in stools collected in the dry 
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season (23.8% [12.8,34.7]), and Sapovirus was only detected in stools collected in the 
wet season (5.4% [0.00,11.4]). 
The only parasite detected was Giardia, which did not differ significantly by season. I 
found Giardia at an estimated prevalence of 4.8% [0.0, 10.3] in the wet season and 
7.8% [0.0, 14.6] in the dry season. The prevalence of Giardia did not differ significantly 
by week within seasons (Fig. 19). 
Elevated calprotectin levels were detected in all stools collected in the wet season 
(100% [93.6, 100]), and in 48.9% [35.9,61.4] of the stools collected in the dry season. 
Calprotectin levels appeared to decrease week by week in the dry season, but with 
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Table 18 Enteric Pathogens by Season 
Type Species 
Round One (Wet 
Season) 
%[95%CI] 










0 [0, 2.7]  4.5 [0,9.7]  -4.5 [0,-9.7]  
Enteropathogenic 
Escherichia coli  15.4 [0.1,0.3] 5.0 [0.0,10.1] 
10.5 [-0.6,0.21.5] 
Enterotoxigenic 
Escherichia Coli 22.8 [11.6,34.0] 11.6 [3.3,19.8]  
11.4 [-2.7,25.2] 
Salmonella  6.4 [0.0,12.5] 1.3 [0.0,4.0] 5.0 [-1.7,11.8] 
Campylobacter 5.4 [0.0, 11.4] 6.1 [0.1,12.0] 0.7 [0.0,9.1] 
Shigella  1.7 [0.0,4.9] 3.0 [0.00,7.2] -1.3 [-6.7,4.0] 
Cholera  0 [0, 2.7]  1.3 [0.0,3.0] -1.3 [-4.0,1.3] 
TOTAL BACTERIA 41.6 [28.4,54.8] 18.9 [9.0,28.8] 22.7 [16.5,39.2] 
Protozoa  
Entamoeba 
histolytica 0 [0, 2.7]  0 [0, 2.7]  0 [0, 2.7]  
Cryptosporidium 0 [0, 2.7]  0 [0, 2.7]  0 [0, 2.7]  
Giardia 4. 8 [0.00,10.3] 7.8 [0.01,14.6] -3.0 [-11.7,5.7] 
Any PROTOZOA 4.8 [0.00,10.3] 7.8 [0.01,14.6] -3.0 [-11.7,5.7] 
Viruses  
Rotavirus  0 [0, 2.7]  23.8 [12.8,34.7] -23.8 [-34.7,-12.8] 
Sapovirus 5.4 [0.00,11.4] 0 [0, 2.7]  5.4 [0.00,11.4] 
Hepatitis E 0 [0, 2.7]  0 [0, 2.7]  0 [0, 2.7]  
Adenovirus 20.7 [10.0,31.4] 48.2 [35.6,60.9] -27.6 [-44.2,-11.0] 
Astrovirus 0 [0, 2.7]  0 [0, 2.7]  0 [0, 2.7]  
Norovirus 16.7 [7.0,26.4] 24.5 [13.5,35.5] -7.8 [-22.5,6.9] 
Any Virus 37.9 [25.0,50.8] 69.83 [58.2,81.5] -32.0 [-49.4,-14.5] 
ANY INFECTION  64.2 [51.3,77.3]  78.7 [68.3,89.2] -14.4 [-31.2,2.3] 
Elevated Calprotectin 100 [93.6, 100] 48.9 [35.9,61.4] 51.3 [38.5,64.1] 
Elevated Lactoferrin 51.9 [38.2,65.56] 32.57 [20.6,44.5] 19.3 [1.1,37.6] 
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I found no evidence of spatial clustering for any pathogens, nor elevated proteins levels 
(Fig. 20). All values I obtained of Moran’s I are close to 0, indicating random spatial 
distribution, albeit with generally a high degree of uncertainty (Table 19). There is 
additionally little evidence that distance between the home and water source or latrine 
is associated with increased risk of infection from EPEC, ETEC, Adenovirus, Norovirus, 
or Rotavirus, nor for elevated protein levels (Fig. 21 and 22). However, I do see 
evidence that the risk of Giardia is positively associated with increased distances 
between the home and both latrines and water sources, but with some uncertainty 
(Figures 21 and 22).  
Temporal Aspects of Water and Sanitation Practices 
My results on the spatio-temporal trends in enteric infection provide evidence that 
different enteric infections differ by season, but not spatially (at least in a small area 
such as the Leda Makeshift Refugee Camp), or temporally within seasons on the scale 
observed of 3-5 weeks (Table 17). While this seasonality is likely due in large part to 
changes in weather conditions between seasons, differences in WASH usage practices 
between seasons may also contribute to seasonality in enteric infection. When 
accessing water, respondents on average reported waiting substantially longer during 
the wet season (83 [71, 96] minutes) than the dry season (35 [27, 43] minutes). 
Further, fewer respondents reported doing something to make their water safe in the 
wet season (27% [17, 40]) than the dry season (65% [53, 76]). Similarly, fewer 
respondents reported washing their hands with water and soap in the wet season (84% 
[72,91]) than the dry season (97% [89,100]). The number that washed their hands at 
critical times (before preparing food, before eating, before feeding a child, after 
cleaning a child, and after defecating), however, was fairly similar between seasons. In 
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both seasons, a large number of respondents felt unsafe using the toilet both during 
the day and night.  
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Figure 20 Spatial Spread of Enteric Pathogens and Elevated Protein Levels Detected in 
Stool, by Week 
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Table 19 Moran's I within Seasons 
 Round 1 (Wet) Round 2 (Dry) 
EPEC  0.0 (p=0.72) 0.0 (p=0.74) 
ETEC 0.0 (p=0.09) 0.0 (p=0.24) 
Adenovirus 0.0 (p=0.34) 0.0 (p=0.15) 
Norovirus 0.0 (p=0.68) 0.0 (p=0.61) 
Giardia 0.0 (p=0.90) 0.0 (p=0.00) 
Rotavirus NA 0.0 (p=0.92) 





































Figure 21 Prevalence of Common Pathogens against Distance to Nearest Latrine  
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5.5.Discussion 
Summary of Findings 
I found that the following enteric pathogens are present in the stools of under-fives 
living in the Leda Makeshift Camp area of the Cox’s Bazar FDMN Camp: STEC, EPEC, 
ETEC, Salmonella, Campylobacter, Shigella, Cholera, Giardia, Rotavirus, Sapovirus, 
Adenovirus, and Norovirus. Past research has also found these pathogens to be 
present in the wider population of Bangladesh. For example, Qadri et al. (2007) 
reported that ETEC was found in 18% of stools in Dhaka after the 2004 Dhaka 
flooding, in line with my overall finding of 22.8% estimated prevalence in the rainy 
season111. Haque et al. (2003) reported a 3.3% estimated prevalence of EPEC in a 
Dhaka informal settlement, lower than my overall finding of 10.2% (averaged 
between seasons)112. Albert et al. (1995) however estimated an ETEC rate in Dhaka 
closer to ours, at 12.0%113. Dey et al. (2008) found evidence for Adenovirus in 
Dhaka, also at a lower rate than we did (2.8% compared to my 35%)114. This 
possibly indicates that there is a higher risk of Adenovirus in Cox’s Bazar than 
Dhaka114. 
I additionally found evidence of seasonality in the prevalence of different types of 
enteric infection – viruses being more common in the dry season than the wet 
season, and the opposite for bacteria. My findings that elevated calprotectin levels 
are more common in the wet season than the dry season further support 
seasonality in bacterial infection as calprotectin levels are closely related to recent 
and present bacterial enteric infection50.  
My findings of seasonality in Cox’s Bazar are consistent with previous research. 
Examining seasonality of viruses, Omore et al. (2016) estimated that Rotavirus is 10 
percentage points more common in the dry season than the wet season in Western 
Kenya109. Berendes et al. (2017) estimated that there is a 40% lower risk of viral 
infection in the rainy season compared to the dry in Vellore, India115. Examining 
seasonality of bacteria, Feasey et al. (2015) found in Malawi that seasonal rainfall 
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was associated with an increase in Salmonella infection rates, although this may 
have been indirect as rainfall is associated with an increased risk of malnutrition116. 
Freeman et al. (2009) also report that gram-negative bacteria, such as EPEC and 
ETEC, are more common during wet seasons than dry seasons117. Similarly, Behiry 
et al. (2011) report that in Egypt, EPEC, as well as E. Coli in general, is more 
prevalent in the hot summer than cold winter118.  
We found no evidence that infections were clustered nor associated with 
household proximity to latrines or water taps. This suggests that the risk of 
infection is relatively uniform with respect to location in the camp. As such, 
management of these infections should be applied to the whole camp. However, 
the camp area which I examined was relatively small – the furthest distance 
between any two houses being 500 meters, which may partly explain this finding 
(along side some possible limitations, discussed below). In fact, past ‘highly 
targeted’ interventions against cholera outbreaks, which aim to work in small areas 
where risk is evenly distributed, have had intervention radii as large as 500 
meters119. While I did not find many cases of cholera, it is likely that this is similar 
for outbreaks of other enteric pathogens. Spatial distribution would likely be 
apparent at larger scales, particularly if spaces are broken up by features that do 
not allow for population movement, such as large roads, rivers, or military 
blockades. I also for the most part did not find any association between infection 
risk and household distance from water taps and latrines. The small scale of the 
study (as well as the below discussed limitations) could again have contributed to 
this, with much larger distances from water taps and latrines needed to see a 
change in associated infection risk. Alternatively, it is possible that households and 
WASH facilities are not the primary source of infection for children, who spend 
most of their day elsewhere. Aside from evenings and mealtimes children play in 
communal “courtyards” near to the home, which are also often close to water and 
sanitation facilities. However, geospatial analyses in humanitarian settings are 
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scarce and further evidence is required to identify the primary sources of 
infection120. I later discuss possible future directions for this research. 
Strengths and Limitations 
As an analysis of secondary data, there are three substantial weaknesses in this 
study. Firstly, owing to budgetary constraints in the original study, there was a low 
sample size. While the sample size allowed for enquiry into the original research 
question in Chapter Four, it precluded some analyses into spatio-temporal risks, 
including adjusted multivariable analyses. Secondly, as the primary study was not 
designed to analyse the spatio-temporal risk of enteric infection, several important 
data points were not collected (such as where the child spends most of their day, or 
where the family obtains their food and water). Finally, due to logistical constraints, 
I was unable to visit homes throughout the entirety of the camp every week in 
round one. It is possible that homes in the areas I did not visit had a high level of 
infection, which would represent clustering which I had missed.   
Alongside the limitations, there are substantial strengths in this work. We tested for 
a wide variety of pathogens, cutting down the chance that we omitted any 
important ones. Secondly, we also tested for calprotectin, a protein associated with 
recent infection (particularly bacterial infection), further reducing the chance that 
we missed infection by excluded pathogens50. We also tested our stool samples 
through PCR, the gold standard test for the presence of pathogens. Finally, our 
findings, particularly those on seasonality and the most common pathogens, are in 
agreement with current literature – including those discussed above in Bangladesh 
and other similar environments.  
Future Research Directions 
Further geospatial research in humanitarian settings is urgently needed. This 
research should build off our work by increasing sample size, looking at possible 
confounders or explanatory variables, and looking at a larger area of the camp of 
interest. Depending on the environment and epidemiology of enteric pathogens, 
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future research may choose to focus on fewer, more targeted pathogens than 
those we chose. Future research should also look at the spatial impact of WASH 
interventions, which would be of tremendous benefit to policy and program 
makers. Similarly, future research should look at the impact of topography and 
geography, as well as barriers to population movement (such as roads, rivers, and 
military blockades) on the spatial epidemiology of enteric pathogens. 
Implications 
My results, as well as those to follow from subsequent research, have implications 
for the surveillance and control of enteric pathogens in the Leda Makeshift FDMN 
Camp area in Cox’s Bazar, and possibly in similar environments globally. As the 
profile of enteric infections present in the camp is similar to what has been found in 
the wider Bangladeshi population, I recommend that routine surveillance of enteric 
infections, and interventions to control enteric infections, do not discriminate 
between FDMNs and the local community, targeting the same pathogens in both. 
However, it is important to note the temporal differences that I found. There 
should be an emphasis on the surveillance, control, and treatment of bacterial 
disease during the wet season, and an emphasis on viral disease in the dry season, 
to best use the resources available. This can include surveillance (at a population 
level) for primarily viruses in the dry season and primarily bacteria in the wet 
season; clinicians testing patients who present to them with diarrhoea initially for 
the more common pathogens for the season; and timing mass vaccination 
programs by the season.   
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6.1.Summary of Key Findings 
In this thesis, I aimed to examine the variability in estimated diarrhoea rates 
introduced by the methods used, and the extent of misclassification when using 
diarrhoea as a proxy marker of enteric infection; focusing on urban informal 
settlements and refugee camps. Chapters Two, Three, and Four demonstrate that 
the choice of method used to estimate diarrhoea rates can introduce variability into 
estimates, and that these different methods also do not agree with each other. 
Chapters Four and Five demonstrate the high extent of misclassification when using 
diarrhoea as a proxy marker of enteric infection, and the utility of measuring 
enteric infection directly.  
Variability Introduced by Current Diarrhoea Rate Estimation Methods 
In Chapter Two, through a systematic review and meta-analysis of the literature, I 
found that the two most common methods of diarrhoea rate estimation are passive 
surveillance (measurement of hospital cases for diarrhoea) and active surveillance 
(door to door surveying of diarrhoea). I found that passive surveillance is associated 
with lower estimated diarrhoea rates than active surveillance, possibly due to 
issues in accessing healthcare or choosing not to seek healthcare. These findings 
are in line with past studies which have found that: 1) people generally do not visit 
health facilities unless their child has severe diarrhoea, only 2% of cases; and 2) 
refugees and slum-dwellers face significant challenges in accessing healthcare23, 27, 
28 29-31. 
In Chapters Two and Three, I also found evidence that factors specific to active 
surveillance impact estimated diarrhoea rates. Both chapters found evidence for 
respondent fatigue – getting tired of answering questions. In Chapter Two, this 
came in the form of frequent questioning resulting in lower estimated diarrhoea 
rates. In Chapter Three, a diarrhoea text messaging survey, this came in the form of 
asking more questions, particularly when asking more often, resulting in lower 
response rates. This is a new finding which has not been previously examined.   
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Both chapters additionally found evidence for recall bias, forgetting diarrhoea 
which happened in the past - finding that estimated diarrhoea rates are lower when 
you ask people to recall diarrhoea over prolonged periods, which has also been 
found in the past33, 62.  
In Chapter Four, through an observational comparison of four methods of 
diarrhoea measurement, I demonstrated that there is no agreement between the 
UNICEF/DHS method of active surveillance (asking a carer if their child had 
diarrhoea in the past 14 days), and two arguably more objective alternatives (asking 
carers to select pictures of the stool that their child had, and visually examining 
stool). No previous studies have examined the agreement between different 
measures of diarrhoea. However, this lack of agreement does support previous 
findings that carers are unable to reliably understand what is or is not diarrhoea, 
known as perception bias37. 
Together, my results, along with the existing evidence, indicate that current 
methods of diarrhoea rate estimation introduce bias and error. As such, these 
methods may not be fit for purpose. In epidemiological surveys when diarrhoea, 
not enteric infection, is of interest more objective methods should be used. Ideally, 
this would take the form of stool sampling for visual analysis as I examined in 
Chapter Four, and has also been examined in past research37. However, I do 
understand that this is demanding on the time of field enumerators, and as such 
not always possible. As an alternative, active surveillance with: 1) short recall 
periods (under 72 hours); 2) clear and simple questioning; and 3) questioning cross-
sectionally (or, if longitudinally, using a long follow up period) should be used. If the 
context allows, I do recommend the use of text messaging for active surveillance 
due to increased privacy and possibly lower costs.   
Misclassification when using Diarrhoea as a Proxy Marker of Enteric Infection 
While it may be possible to reduce variation in estimated diarrhoea rates by using 
alternative methods, it is equally important to consider the extent of 
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misclassification when using diarrhoea as a proxy marker of enteric infection. 
Chapters Four examines this, revealing that in Cox’s Bazar (and likely other similar 
environments as well) diarrhoea, through multiple measurement methods, offers 
no better indication of infection than a coin flip. The misclassification of enteric 
infection when using diarrhoea as a proxy marker is due to asymptomatic infection 
and non-pathogenic diarrhoea. While no studies have in the past examined 
diarrhoea as a proxy marker of enteric infection, past studies have found high rates 
of asymptomatic carriage in infants in LMICs – in line with my results38. 
In Chapter Five I demonstrate the utility of directly measuring enteric infection as 
an epidemiological tool. I show that different enteric infection causing pathogens 
have different risk factors and epidemiologies. As different enteric pathogens have 
different control measures, it is important that program makers understand which 
pathogens are endemic. This is not possible through surveillance for diarrhoea 
alone.  
Together, Chapters Four and Five call for direct estimation of enteric infection, not 
diarrhoea, in epidemiological surveys, including surveillance activities and WASH 
trials. Direct estimation of infection allows for early detection of outbreaks, more 
accurate evaluations of WASH trials, and enhanced data for program makers. 
Considering my results from earlier chapters calling for less subjective methods in 
the measurement of gastrointestinal health, direct estimation of infection is by far 
the least subjective method possible and should be preferred.  
6.2.External Validity 
Confirming findings from my empirical studies, my systematic review revealed that 
the current methods used to estimate diarrhoea rates can introduce variation in 
estimates in every global region, and in both rural and urban geographies. 
However, it is important to acknowledge some limitations in this. Most of the 
studies included in my review were active surveillance studies. While active 
surveillance studies represent the majority of studies on population level 
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epidemiology and on the effectiveness of interventions designed to limit the spread 
of diarrhoea (including WASH interventions), it is likely that passive surveillance is 
more often used for routine population-level surveillance, which is generally 
unpublished. If I were able to include these, the results may be altered. Further, I 
was unable to assess the levels of reactivity in population-level diarrhoea 
measurement, which is likely to be a major contributing factor to bias in diarrhoea 
measurement. Finally, due to publication bias, the results may not adequately 
represent under-studied populations, such as internally displaced persons and 
those from certain nations.  
To examine the extent of misclassification when using diarrhoea as a marker of 
enteric infection, I conducted an empirical study in the Cox’s Bazar FDMN camp. It 
is possible that the results from this study suffer from external validity issues due to 
refugees acting differently to other groups; differences in endemic pathogen 
profiles around the world; and differences based on the environment, such as 
urban vs rural or climate. Further, it is possible that I did not include some disease 
causing pathogens in my analysis, either due to omission when determining which 
pathogens to test, or due to the inability to test for certain pathogens given COVID-
19. However, the findings of this study are supported by other studies which found 
that enteric infection can have a high asymptomatic rate, and that diarrhoea can 
have non-pathogenic causes38, 40, 100, 101.   
6.3.Policy and Research Recommendations 
My results have demonstrated that current methods of estimating diarrhoea rates 
can bias and introduce error to results; and that diarrhoea is not a suitable proxy of 
enteric infection in WASH trials and surveillance activities. Improvements to policy, 
as well as future research, is needed to combat these issues 
Improving the Measurement of Diarrhoea when only Disease is of Interest 
Sometimes the surveillance of diarrhoea without regard for infection status is well 
warranted. The DHS and MICS surveys are a prime example of this, as they do not 
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aim to discriminate by the cause of diarrhoea or establish levels of infection. In 
these situations, it is important to ensure that there is minimal bias and error in 
measurements of diarrhoea. As shown in chapters two and three, this would 
include having as short a recall period as possible (one or two days), questioning 
infrequently, and perhaps measuring prospectively rather than retrospectively. 
Future research should look into establishing the most cost effective methods: e.g. 
what is the maximum time period of recall without introducing recall bias; and how 
frequently can questioning be conducted without introducing respondent fatigue. 
Future research should also look into if parents can easily understand what is and is 
not diarrhoea, as we did in chapter four; and also examine the possible advantages 
of prospective questioning. If indeed parents are unable to understand what is 
diarrhoea, stool samples can be collected for visual analysis if resources allow. 
Further research should also be conducted into the use of technology such as SMS 
messaging and social media in diarrhoea surveillance (as well as the surveillance of 
other diseases). 
Improving the Measurement of Enteric Infection in WASH Trials and Surveillance 
Activities 
For many uses of diarrhoea measurement, such as WASH trials and outbreak 
diarrhoea is used only as a proxy for infection. My results have demonstrated that 
diarrhoea, measured through multiple methods, is neither a sensitive nor specific 
proxy marker of infection. As such, where infection is of interest, efforts should be 
taken to directly measure infection. The ideal method for this is the collection of 
stool samples for PCR-analysis of target enteric pathogens. However, I acknowledge 
that this may not be feasible in many settings, due to: 1) cost of PCR tests; 2) a lack 
of laboratory infrastructure; and 3) cost of sample collection. There are two 
possible solutions to these issues. Firstly, for low prevalence pathogens where a 
small increase in incidence is enough to trigger an outbreak (such as Cholera), pool 
testing may be used – where samples are combined and tested as one. This is not 
likely to work for WASH interventions however, as pathogens are likely to have a 
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high level of prevalence in areas where WASH interventions target. Similar to 
pooling of samples, faecal sludge can be tested (however more research is needed 
into testing of faecal sludge and sample pooling)24. However, a key limitation in this 
is the inability to discriminate infection by demographics, including importantly age. 
Secondly, for higher prevalence pathogens rapid diagnostic tests may be used. This 
would be particularly useful for evaluations of WASH interventions. It is even 
possible that participants would be able to test and report their own stool samples 
through a citizen science approach. However, the performance of rapid diagnostic 
tests for asymptomatic cases; the ability of beneficiaries to test their own stool; and 
lack of rapid diagnostic tests for many enteric pathogens remains an issue – calling 
for further research into this method. 
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Appendix I: Search String for the Systematic Review 
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12. Appendix V: Semi-Structured Interview Guide for Chapter 3 
Introduction: Thank you for your interest in taking part in this interview. My name is Philemon Langat, and 
this is [NAME]. I work with UN-Habitat on the project using SMS messages to measure diarrhoea in 
Mwanza, which you may recall recently agreeing to be a part of. This project has been funded and is run by 
the University of Warwick in the UK. As part of the project, I hoped to interview 10 parents involved in the 
study about specific aspects of the diarrhoea survey, including for example, what worked well, what didn’t 
work so well, what you found difficult or problematic etc. I want to speak to a range of people. You were 
selected to be one of the parents that I would (initially) like to interview. I will ask you a few questions – it 
will up to 30 minutes. You’ll see me and my colleague [NAME] write down notes on what you say in order 
for us to write about the interview later. I will not record any information which could be used to identify 
you, and I will not audio or video record this interview. My discussion will either be reported in a summary, 
or with short quotes, ensuring that there is no identifying information. You will be able to find more 
information on this on the participant information sheet which I have handed you, and on your signed 





Section 1: Daily Life, Overall Impressions and 
Use 
First, I’d like to find out a little more about you 
and your family. Could you walk me through a 





• What time do you wake up? 
• Do you work? What do you do? 
• Who do you live with?  
• Who cares for the children? 
• Who has what responsibilities in your 
home? 
• Who do you interact with on a daily 
basis? 
• How often do you use your mobile? 
And for what? 










I’ll get into a little more detail on this, but how 
did the SMS phone system fit into your daily 





• Were they convenient? 
• Were they annoying?  
• Did you have to alter your life at all? 
• Did they come at a convenient time? 
• Was it good that you got reminders? 
• Did you change any behaviours based 
on this? 
o Perhaps hygiene behaviours; or 
paying more attention to child 
health/stools 
 
Section 2: Incentive and Airtime 
You may have noticed that while I always sent 
you some airtime before the survey, TZS500, to 
make sure that you have enough airtime to 
complete the survey; I also occasionally sent 
you airtime after the survey, TZS1000, to say 
thank you. Did knowing that you would receive 
this airtime after the survey influence if you 
responded or not, and how you responded? 
Why? 
 
• Did the incentive make it worthwhile to 
take part or not?  
• Did you feel pressured or not to give 
answers you think I’d want if I gave you 
incentive?  
• Did you talk to your friends or not 
about this at all? If so, what did you 
discuss? 
• Was TZS1000 a substantial incentive, or 
a small one? 
• Did caring or not about the incentive 
change over time? 
Section 3: Questioning Frequency 
You may have also noticed that I adjusted how 
often I texted you: sometimes texting you every 
day, asking about diarrhoea over the past 24 
hours; and sometimes texting you once in two 
weeks, asking about diarrhoea in the past two 
• How was the frequency of the 
questioning – was it the right amount, 
or should it be more or less? 
• Did you feel that the questions were 
comfortable to answer, or where they 
too intrusive into your life? 
• When I asked you about what 
happened two weeks ago, rather than 
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weeks. Did you prefer one of these methods? 
And Why? 
 
in the past day, were you able to 
remember? 
• Was receiving airtime a factor in you 
preferring frequent or infrequent 
messages?  
Section 4: Question Levels 
As part of the survey, I sometimes asked a few 
more questions to carers reporting diarrhoea in 
their children – questions on blood in stool, 
vomiting, frequency of diarrhoea, and hospital 
visits. At other times, I did not. Did you have a 
preference to us asking extra questions or not? 
 
• When I asked you several questions, 
did you find this to be intrusive? Or did 
you prefer to be able to share more 
with us? 
• Did I ever tell you to go to the hospital? 
If so, did you appreciate us doing this, 
and did you go? 
Section 5: Methods of Improvement 
I’re always looking for ways to improve my 
work, and greatly value your feedback. Would 
you be able to tell me a few of the things that 
you liked about the survey; things which made 
it more likely for you to take the survey; and 
things which you think I should introduce in the 
future? 
 
How about things that you did or did not like 
about the survey; things which made it easy or 
difficult for you; and things you think I should 
change? 
 
Would you be interested or not in taking part in 
a similar study in the future; and would you or 
would you not recommend a study like this to 
your friends? 
 
• Did you feel comfortable answering the 
survey? Would you rather talk to a 
person, or do you prefer the privacy by 
phone? 
• Did your friends, family, and 
community pressure you to either 
complete or not complete the survey? 
• Was money a factor in completing or 
not completing the survey? 
• Were you able to use the technology 
easily, or was it confusing? 
• Could you easily understand the 
questions? 
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Conclusion 
Is there anything else which you could like to 




Thank you for taking part in this interview. I greatly appreciate your feedback, and will be using it in my 
future work. You’ll continue to receive my text messages until August. Feel free to reach out to us if you 
have any questions. Remember that you can contact us on the information on the participant information 
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Is this toilet 
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Enhanced Survey (50%
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If yes to either, 





























    
 
 
 
 
 
 
 
 
 
 
 
 
